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Résumé 
 
Bien que ce soit un procédé industriel répandu, les films de copolymères à blocs 
préparés par trempage (« dip-coating ») sont moins étudiés que ceux obtenus par tournette 
(« spin-coating »). Pourtant, il est possible grâce à cette technique de contrôler précisément 
les caractéristiques de ces films. Au-delà de la méthode de fabrication, la capacité de 
modifier la morphologie des films trempés à l’aide d’autres facteurs externes est un enjeu 
primordial pour leur utilisation dans les nanotechnologies. Nous avons choisi, ici, d’étudier 
l’influence d’une petite molécule sur la morphologie de films supramoléculaires réalisés 
par « dip-coating » à partir de solutions de poly(styrène-b-4-vinyl pyridine) (PS-P4VP) 
dans le tétrahydrofurane (THF). En présence de 1-naphtol (NOH) et d’1-acide napthoïque 
(NCOOH), qui se complexent par pont hydrogène au bloc P4VP, ces films donnent, 
respectivement, une morphologie en nodules (sphères) et en stries (cylindres horizontaux). 
Des études par spectroscopie infrarouge ont permis de mesurer la quantité de petite 
molécule dans ces films minces, qui varie avec la vitesse de retrait mais qui s’avère être 
identique pour les deux petites molécules, à une vitesse de retrait donnée. Cependant, des 
études thermiques ont montré qu’une faible fraction de petite molécule est dispersée dans le 
PS (davantage de NOH que de NCOOH à cause de la plus faible liaison hydrogène du 
premier). 
La vitesse de retrait est un paramètre clé permettant de contrôler à la fois l’épaisseur 
et la composition du film supramoléculaire. L’évolution de l’épaisseur peut être modélisée 
par deux régimes récemment découverts. Aux faibles vitesses, l’épaisseur décroît (régime 
de capillarité), atteint un minimum, puis augmente aux vitesses plus élevées (régime de 
drainage). La quantité de petite molécule augmente aux faibles vitesses pour atteindre un 
plateau correspondant à la composition de la solution aux vitesses les plus élevées. Des 
changements de morphologie, à la fois liés à l’épaisseur et à la quantité de petite molécule, 
sont alors observés lorsque la vitesse de retrait est modifiée. 
Le choix du solvant est aussi primordial dans le procédé de « dip-coating » et a été 
étudié en utilisant le chloroforme, qui est un bon solvant pour les deux blocs. Il s’avère qu’à 
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la fois la composition ainsi que la morphologie des films de PS-P4VP complexés sont 
différentes par rapport aux expériences réalisées dans le THF. Premièrement, la quantité de 
petite molécule reste constante avec la vitesse de retrait mais les films sont plus riches en 
NCOOH qu’en NOH. Deuxièmement, la morphologie des films contenant du NOH 
présente des stries ainsi que des lamelles à plat, tandis que seules ces dernières sont 
observables pour le NCOOH. Ce comportement est essentiellement dû à la quantité 
différente de petite molécule modulée par leur force de complexation différente avec le 
P4VP dans le chloroforme. 
Enfin, ces films ont été utilisés pour l’adsorption contrôlée de nanoparticules d’or 
afin de guider leur organisation sur des surfaces recouvertes de PS-P4VP. Avant de servir 
comme gabarits, un recuit en vapeurs de solvant permet soit d’améliorer l’ordre à longue 
distance des nodules de P4VP, soit de modifier la morphologie des films selon le solvant 
utilisé (THF ou chloroforme). Ils peuvent être ensuite exposés à une solution de 
nanoparticules d’or de 15 nm de diamètre qui permet leur adsorption sélective sur les 
nodules (ou stries) de P4VP.  
Mots-clés : Poly(styrène-b-4-vinyl pyridine), « dip-coating », films minces, auto-
assemblage, copolymères à blocs supramoléculaires, recuit, nanoparticules d’or. 
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Abstract 
 
Although it is an important industrial process, block copolymer thin films obtained 
by dip-coating have been far less studied than those obtained by spin-coating. However, 
this technique allows precise control of film properties and morphologies without the need 
for subsequent annealing. Besides the process itself, the ability to modify the morphology 
of block copolymer thin films is of interest for their use in nanotechnology applications. 
Here, we investigated supramolecular thin films of poly(styrene-b-4-vinyl pyridine) (PS-
P4VP) dip-coated from tetrahydrofuran (THF) solutions containing small molecules that 
hydrogen bond to P4VP. In the initial dip-coating conditions, films complexed with 1-
naphthol (NOH) show a dot morphology (spheres), whereas those containing 1-naphthoic 
acid (NCOOH) show a stripe morphology (horizontal cylinders). It was discovered that the 
amount of small molecule in the film, measured by infrared spectroscopy, varies with dip-
coating rate, but is the same for both small molecules at any given rate. A thermal study 
showed that a small fraction of the small molecule, more NOH than NCOOH due to the 
weaker H-bond of the former, is dispersed in the PS phase, thus rationalizing the difference 
in their morphology evolution with rate. 
Thus, the dip-coating rate is a key parameter for controlling both the average film 
thickness and, for supramolecular polymers, the film composition. We observed that the 
evolution of the thickness with rate can be modeled by two regimes, in accordance with a 
recent literature study on dip-coated sol-gel films. At low rates, the thickness first decreases 
(capillarity regime), reaches a minimum and, at higher rates, increases (draining regime), 
resulting in a V-shaped film thickness/dip-coating rate curve. In parallel, the amount of 
small molecule in the film increases with rate in the capillarity regime before reaching a 
plateau corresponding to the solution composition in the draining regime. Morphology 
changes, related to the film thickness and the small molecule content, are therefore 
observed by modifying the dip-coating rate. 
We further show that the dip-coating solvent also influences the composition and 
morphology of the film, by comparing the use of chloroform (CHCl3), which is a good 
solvent for both blocks, with THF, which is a non-solvent for P4VP. With CHCl3, the small 
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molecule content remains constant with the dip-coating rate, although it is higher for 
NCOOH than for NOH. Furthermore, the morphology of NOH-containing PS-P4VP thin 
films shows stripes and flat-on lamellae, whereas those containing NCOOH show only flat-
on lamellae. This is attributed to the difference in their small molecule content, possibly 
modulated by the reduction in solubility of the P4VP block in CHCl3 when complexed with 
the small molecule. 
Finally, dip-coated films were used as templates for the controlled adsorption of 
gold nanoparticles. Prior to adsorption, solvent annealing was applied to the films either to 
improve the long-range order of the P4VP dots or to change the film morphology, which is 
dependent on the solvent used (THF or chloroform). They were then exposed to a 15-nm 
gold nanoparticles solution, which allows the selective adsorption on the P4VP dots (or 
stripes). It was possible to adsorb one nanoparticle per P4VP dot by matching their 
diameters. 
Key-words: Poly(styrene-b-4-vinyl pyridine), dip-coating, thin films, self-assembly, 
supramolecular block copolymers, solvent annealing, gold nanoparticles. 
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Chapitre 1 
Introduction 
 
Les matériaux polymères ont connu un développement exponentiel ces dernières 
décennies. Certaines applications de pointe ont cependant longtemps été limitées par les 
méthodes de synthèse conventionnelles. En effet, les réactions de transfert et de 
terminaison, inhérentes aux polymérisations radicalaires classiques, ne permettaient pas un 
contrôle de l’indice de polymolécularité, autrement dit, de la dispersion des masses 
molaires au sein d’un même matériau polymère. 
C’est au milieu des années 50 que, pour la première fois, Szwarc et al ont démontré 
le caractère « vivant » (première fois que le terme a été employé) de la polymérisation 
anionique, s’affranchissant ainsi des étapes de transfert et de terminaison et permettant un 
meilleur contrôle de l’indice de polymolécularité.1 L’addition successive de monomères 
(styrène puis isoprène) leur a permis de synthétiser des copolymères à blocs dans un 
premier temps, puis de nouvelles architectures moléculaires, comme les copolymères 
multiblocs et les polymères en étoile. La réussite de leurs travaux, alors révolutionnaires, 
n’a cependant été démontrée, à l’époque, que par l’absence de solubilité du copolymère 
dans deux solvants distincts, pourtant capables de solubiliser l’un ou l’autre bloc. Depuis, 
d’autres techniques de synthèse, notamment les polymérisations radicalaires contrôlées, ont 
été développées et appliquées à la synthèse de copolymères à blocs, élargissant l’éventail de 
copolymères accessibles, tant au niveau de la composition que de la structure.2 
Les propriétés des matériaux résultants ont eu un énorme impact sur la science du 
« nano », en permettant l’apparition de nouvelles méthodes de miniaturisation. Parmi ces 
matériaux, les copolymères à blocs à faible indice de polymolécularité se sont révélés 
particulièrement intéressants avec la formation de morphologies due à la séparation de 
phases.3  
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Après avoir abordé, dans une première partie, les propriétés de séparation de phases 
des copolymères à blocs en masse, nous nous attarderons plus précisément sur les films 
minces de copolymères à blocs en détaillant les paramètres contrôlant la morphologie. Dans 
une troisième partie, quelques applications utilisant l’auto-assemblage de ces films seront 
présentées. 
 
1.1 Copolymères à blocs 
1.1.1 Diagramme de phases 
Les copolymères à blocs sont composés de deux blocs, ou plus, liés de manière 
covalente, avec des unités de répétition de nature différente, souvent immiscibles. Ce lien 
empêche toute ségrégation macroscopique et force le copolymère à adopter des 
conformations particulières afin de libérer les tensions superficielles entre les phases qui le 
composent. La géométrie (ou morphologie) adoptée par le copolymère à blocs sous l’effet 
de cette séparation de phases dépend du paramètre thermodynamique d’interaction de 
Flory-Huggins χ traduisant les interactions, du degré de polymérisation N et de la fraction 
volumique relative de chacun des blocs f. Leibler fut le premier à établir que ces trois 
paramètres suffisaient à décrire le comportement thermodynamique des copolymères à 
blocs.4 Plus précisément, le produit χN (autrement appelé pouvoir de ségrégation et qui 
varie de manière inversement proportionnelle à la température), permet de séparer deux 
cas : le régime de ségrégation faible (pour χN < 40, les interfaces ne sont pas bien définies 
et les phases imparfaitement pures) et le régime de ségrégation forte (pour χN > 40, les 
interfaces sont bien délimitées et les phases sont essentiellement pures). En 1996, Matsen et 
Bates ont permis d’unifier les régimes de ségrégation forte et faible en s’affranchissant des 
approximations nécessaires et utilisées jusqu’alors pour modéliser indépendamment chacun 
des deux régimes. Ils ont ainsi comparé le diagramme théorique avec des mesures 
expérimentales (Figure 1.1) et mis en exergue la stabilité thermodynamique des différentes 
phases possibles au sein d’un copolymère à blocs, arrivant même à prédire l’existence de la 
phase gyroïde.3,5 
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Figure 1.1. Diagrammes de phases (a) théorique et (b) expérimental [poly(isoprène-b-
styrène)] pour un copolymère à blocs A-b-B en fonction de la fraction volumique fA et 
du produit χN. Les illustrations au bas de la figure représentent quatre morphologies à 
l’équilibre : S = sphérique (cubique centrée), C = cylindrique, G = gyroïde et L = 
lamellaire, en fonction de la fraction volumique fA à un χN fixe (bleu et rouge pour, 
respectivement, les phases A et B). D’autres morphologies peuvent apparaître comme 
la morphologie sphérique à empilement compact (CPS) ou la morphologie lamellaire 
perforée (schéma en haut à droite, PL). Reproduite de la référence 3 avec la permission 
de l’American Institute of Physics. © 1999 American Institute of Physics. 
 
La géométrie observée lors de la séparation de phases est le résultat d’une 
compétition entre les forces de répulsion entre deux unités de répétition de nature différente 
(terme enthalpique) et la perte d’entropie liée au positionnement des liens entre blocs aux 
interfaces et à l’étirement des chaînes pour conserver une densité uniforme au sein du 
matériau polymère.6,7 Comme le présente la Figure 1.1, pour des copolymères symétriques, 
le copolymère adopte une morphologie lamellaire, tandis qu’à mesure que la fraction 
volumique d’un des blocs augmente, l’interface se courbe de sorte que d’autres géométries 
a) b)
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sont observées. C’est ainsi que les morphologies bicontinue (ou gyroïde), cylindrique et 
sphérique sont obtenues. La voie de synthèse est le moyen le plus courant pour modifier la 
fraction volumique des blocs, bien que d’autres approches, jouant sur l’idée d’une fraction 
volumique apparente puissent être utilisées (section 1.1.3). 
 
1.1.2 Comportement en solution 
Lorsque les copolymères à blocs sont mis en solution dans un solvant sélectif à l’un 
des blocs, la minimisation des interactions entre le bloc insoluble et le solvant mène à la 
formation de micelles. La concentration micellaire critique (CMC) est la concentration à 
partir de laquelle la première micelle est formée. À mesure que la concentration de 
copolymère augmente, de plus en plus de micelles se forment tandis que la concentration en 
copolymères dissociés (unimères) reste constante et égale à la CMC. Les copolymères ont 
une CMC très faible comparativement aux petites molécules amphiphiles, à cause de leur 
grande masse molaire. Par analogie aux petites molécules, à des concentrations au-dessus 
de la CMC, des structures micellaires « cœur-écorce » sont donc formées. Le bloc insoluble 
ne possédant pas d’affinité avec le solvant se replie sur lui-même et forme ainsi le cœur, 
tandis que le bloc soluble forme la couronne qui solubilise et stabilise la micelle. Plusieurs 
morphologies de micelles, comme sphérique, cylindrique ou lamellaire, peuvent être 
observées en solution selon les conditions de préparation des solutions ou la nature des 
copolymères utilisés (Figure 1.2).8-10 
Le poly(styrène-b-4-vinylpyridine) (PS-P4VP) a été étudié de manière intensive 
dans différents solvants par l’équipe d’Antonietti dans les années 90.11-13 Par exemple, le 
tétrahydrofurane (THF) est un solvant sélectif qui solubilise préférentiellement le PS, 
formant ainsi des micelles avec un cœur de P4VP. Cependant, on parle, ici, de micelles à 
cœur souple en raison du gonflement du P4VP par le THF. En effet, bien que non solvant 
du P4VP, le THF possède cependant une faible affinité avec le P4VP et peut jouer le rôle 
de plastifiant. Ces solutions micellaires, réalisées à partir de copolymères PS-P4VP, sont 
notamment utilisées pour la synthèse de nanoparticules métalliques, profitant de la capacité 
du P4VP à se complexer avec des ions métalliques.14 Les propriétés accepteurs de liaisons 
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hydrogène du P4VP permettent sa complexation avec de petites molécules15 ou des 
homopolymères,16 ce qui gonfle le cœur de la micelle et change ainsi la taille et/ou la 
morphologie des micelles. 
 
 
Figure 1.2. Exemples de structures obtenues à partir de copolymères à blocs en 
solution : (i) micelles directes, (ii) vésicule et (iii) d’autres morphologies : (iiia) 
micelles inverses, (iiib) lamellaires et (iiic) cylindriques ou tubulaires. Reproduite de la 
référence 10 avec la permission d’Elsevier. © 2005 Elsevier. 
 
1.1.3 Effet de la complexation sur la morphologie 
Pour modifier la morphologie d’un copolymère à blocs d’une structure donnée, le 
moyen le plus courant est d’en synthétiser un nouveau de longueur relative différente des 
deux blocs, ce qui induit une fraction volumique relative différente. Il existe néanmoins une 
autre méthode visant à augmenter la fraction volumique apparente d’un des blocs par 
l’ajout d’une molécule se solubilisant préférentiellement dans une phase plutôt que dans 
l’autre. Les interactions ioniques ou par liaisons hydrogène sont des exemples typiques 
d’interactions qui peuvent être utilisées pour faciliter une ségrégation préférentielle. 
Plusieurs études mettant en œuvre cette méthode ont été publiées, utilisant des 
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homopolymères,17-19 des petites molécules (PM),20-23 des nanoparticules24-28 ou même une 
combinaison de ces deux dernières.29 Les modulations de la fraction volumique apparente 
des deux phases, causées par la présence de ces additifs, ont engendré avec succès des 
changements dans la morphologie observée. Le type, la masse molaire de la molécule ou la 
taille des nanoparticules ainsi que leur concentration permettent, en effet, de jouer sur le 
volume effectif occupé par l’une des phases, changeant ainsi la morphologie. Dans cette 
optique, le groupe de ten Brinke a choisi le 3-pentadécylphénol (PDP) et montré comment 
le copolymère à blocs PS-P4VP adoptait différentes morphologies selon la proportion de 
cette petite molécule dans le mélange. Pour ces mélanges, en plus de la séparation de 
phases induite par le copolymère à blocs, des structures hiérarchiques (dites « structure-
within-structures ») ont même été observées dû à l’alignement des chaînes de P4VP 
provoqué par les répulsions intermoléculaires des chaînes alkyles des molécules de PDP 
complexées. Ils ont ainsi étudié une multitude de morphologies organisées sur plusieurs 
échelles selon la composition des mélanges PS-P4VP/PM réalisés (Figure 1.3).20-23  
 
Figure 1.3. Schéma présentant l’auto-assemblage d’un copolymère PS-P4VP 
complexé avec la petite molécule PDP, permettant l’apparition d’une structure 
hiérarchique : (a) des lamelles à l’intérieur de cylindres pour fP4VP(PDP)1.0 = 0.30 et (b) 
des cylindres à l’intérieur de lamelles pour fP4VP(PDP)1.0 = 0.70. Adaptée de la référence 
22 avec la permission de l’American Association for the Advancement of Science. © 
2002 American Association for the Advancement of Science. 
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Par la suite, d’autres petites molécules comme le 4-nonadécylphénol30 ou le 
dodécylbenzène sulfonate de zinc31,32 ont été associées au même copolymère et se sont 
aussi révélées capables d’affecter la morphologie. 
D’autres chercheurs se sont plutôt intéressés à l’effet d’un homopolymère sur la 
morphologie du copolymère. Dobrosielska et al. ont montré qu’en plus de faire varier la 
composition du mélange (homopolymère poly(4-hydroxystyrène) et copolymère PS-P2VP), 
le fait de jouer sur la masse molaire de l’homopolymère permet aussi de modifier la 
morphologie finale du mélange (Figure 1.4). Pour expliquer ce phénomène, les auteurs 
invoquent une distribution plus ou moins uniforme de l’homopolymère dans la phase P2VP 
selon la masse de l’homopolymère, ayant pour effet de courber plus ou moins l’interface 
entre les phases PS et P2VP.19 Des travaux similaires, réalisés avec d’autres mélanges, ont 
d’ailleurs mené à des observations identiques.17,33 
 
 
Figure 1.4. Images TEM montrant l’influence de l’ajout d’un homopolymère poly(4-
hydroxystyrène) de différentes masses molaires (H8 = 8, H14 = 14 et H52 = 52 
kg/mol) se complexant par liaisons H avec un copolymère PS-P2VP. Pour une même 
fraction volumique en styrène φS, plusieurs morphologies sont observées selon la 
masse molaire de l’homopolymère ajouté (encadrés noirs). Reproduite de la référence 
18 avec la permission d’ACS Publications. © 2009 American Chemical Society. 
 
 
 
* Pour des raisons de cohérence sur l’ensemble de la thèse, le terme «spin-coating » sera utilisé pour désigner 
la technique de la tournette. 
1.2 Films minces de copolymères à blocs 
Le comportement de copolymères en films minces s’avère évidemment plus 
complexe que celui en masse en ce sens que de nouveaux facteurs, liés à l’épaisseur et aux 
interfaces, influencent fortement la morphologie adoptée par le copolymère à blocs. Il est 
donc essentiel d’en tenir compte lors de la préparation des films. En effet, les interactions 
interfaciales entre le film et le substrat, ou le film et l’air, ainsi que l’épaisseur du film, 
relativement à la période naturelle du copolymère, ont un impact majeur sur l’orientation de 
la morphologie. Fasolka et al. sont les premiers à avoir répertorié l’effet de ces facteurs 
dans un article de revue publié en 2001, tout en fournissant des explications théoriques aux 
observations expérimentales.34 Par la suite, d’autres articles de revue ont mis de l’avant 
d’autres paramètres et techniques permettant le contrôle de la morphologie.35-39 Les recuits 
en température ou à l’aide de vapeurs de solvant constituent la principale technique 
permettant la manipulation des morphologies des films minces de copolymères car ils 
provoquent une mobilité suffisante des chaînes polymères afin d’atteindre un état 
d’équilibre thermodynamique. Plusieurs stimuli externes sont employés pour obtenir une 
orientation ou ordre défini de la microstructure. Après avoir décrit brièvement les méthodes 
de préparation des films minces, l’influence de ces derniers paramètres sur la morphologie 
et l’orientation des films minces de copolymères à blocs sera plus particulièrement décrite. 
 
1.2.1 « Spin-coating » versus « dip-coating » 
La technique de la tournette, plus couramment appelée « spin-coating »*, est la 
méthode la plus couramment utilisée pour la fabrication de films minces et, notamment, 
ceux de copolymères à blocs. Elle consiste à étaler une goutte de solution de copolymère 
sur un support en rotation rapide (Figure 1.5). 
 
 
 
 
* Pour des raisons de cohérence sur l’ensemble de la thèse, le terme « dip-coating » sera utilisé pour désigner 
la technique de trempage. 
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Figure 1.5. Procédé de « spin-coating » : (a) dépôt de la solution sur le substrat ; (b) 
expulsion du liquide vers l’extérieur du substrat par rotation rapide ; (c) évaporation du 
solvant pendant la rotation. 
 
L’évaporation du solvant a lieu en même temps que l’étalement de la goutte de telle 
sorte que le film final possède une épaisseur homogène. Les paramètres tels que la vitesse 
de rotation, la concentration de la solution ainsi que la température d’ébullition du solvant 
utilisé permettent de contrôler l’épaisseur du film.40,41 La cinétique d’auto-assemblage étant 
plus lente que la vitesse d’évaporation du solvant, le copolymère peut se retrouver dans une 
morphologie métastable, souvent désordonnée, lorsqu’un bon solvant des deux blocs est 
utilisé. Il est alors nécessaire d’effectuer des recuits, thermiques ou en vapeurs de solvant, 
pour révéler la morphologie et/ou la réordonner, notamment afin de la rendre plus 
intéressante pour diverses applications. 
La technique de trempage, autrement appelée « dip-coating »*, est une bonne 
alternative et présente de nombreux avantages. Ici, le substrat est immergé dans la solution 
puis retiré à une certaine vitesse (Figure 1.6). Contrairement au « spin-coating », il n’est 
donc pas nécessaire d’utiliser un substrat plat et toute autre forme peut être utilisée. Le fait 
que la solution puisse être réutilisée jusqu’à évaporation ou épuisement du soluté rend aussi 
cette technique particulièrement pratique, notamment pour des applications industrielles 
(revêtement de fibres optiques, revêtement de verres de lunette, peinture…)42,43 avec une 
économie de matières premières. Le véritable avantage du « dip-coating » réside cependant 
dans la vitesse d’évaporation du solvant plus lente que par « spin-coating », ce qui permet 
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au copolymère de s’auto-assembler directement lors de la réalisation du film : un recuit 
n’est donc pas nécessairement requis pour révéler la morphologie. Cette technique est 
notamment déjà utilisée depuis des années pour des applications de sol-gel.44 Récemment, 
Grosso et al. ont mis en évidence l’influence de la vitesse de retrait sur l’épaisseur du film 
mince et l’existence de deux régimes distincts en compétition. Aux faibles vitesses de 
retrait, l’épaisseur du film, h, est gouvernée simultanément par l’évaporation du solvant et 
la montée par capillarité, définissant le régime capillaire (Équation 1.1) :  
 ℎ = ܥߩ
ܳé௩௔௣
ܮ ݑ
ିଵ (1.1)
où ܥ est la concentration de la solution, ܳé௩௔௣ la vitesse d’évaporation du solvant, ߩ la 
densité du film, ܮ la largeur du substrat et ݑ la vitesse de retrait du substrat.45,46 
À des vitesses plus élevées, l’épaisseur du film devient majoritairement dictée par 
les forces visqueuses qui deviennent suffisamment élevées pour entraîner sur le substrat un 
film liquide, comme modélisée par l’équation de Landau-Levich (Équation 1.2) :40,45-49 
 ℎ = 0.94ߟ௦
ଶ/ଷ
ߛ௦ଵ/଺ሺߩ௦݃ሻଵ/ଶ
ݑଶ/ଷ (1.2)
où ߟ௦ est la viscosité de la solution, ߛ௦ sa tension de surface, ߩ௦ sa densité, ݃ la constante 
gravitationnelle et ݑ la vitesse de retrait du substrat. On parle ici du régime de « drainage ». 
Ce régime domine lorsque la quantité de solvant entraînée par le substrat est supérieure à la 
quantité de solvant évaporée. 
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Figure 1.6. Procédé de « dip-coating » : (a) vue de côté du montage ; (b) immersion du 
substrat dans la solution de « dip-coating » ; (c) retrait à vitesse constante du substrat 
recouvert du film mince. 
 
 
1.2.2 Paramètres influençant la morphologie des films minces 
1.2.2.1 Recuits 
Les films minces de copolymères à blocs sont fabriqués à l’aide de techniques qui 
ne permettent pas toujours d’atteindre l’état thermodynamiquement stable. L’arrangement 
des domaines ainsi que leur morphologie sont souvent figés dans un état métastable. Afin 
de révéler l’état d’équilibre et d’obtenir, notamment, un meilleur ordre à longue distance 
souhaitable pour plusieurs applications, les recuits peuvent être utilisés. 
On distingue deux méthodes de recuit : les recuits en vapeurs de solvant et les 
recuits en température. Ces derniers consistent à augmenter la température du film afin de 
dépasser largement la Tg des deux blocs et, ainsi, favoriser la mobilité des chaînes rendant 
possible leur réarrangement. À cause de la probable dégradation de certains polymères ainsi 
que de la cinétique de réarrangement avec les recuits thermiques, l’alternative constituée 
par les recuits en vapeurs de solvant s’est rapidement répandue. Ici, les molécules de 
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solvant viennent plastifier le système et abaissent la température de transition vitreuse (Tg) 
des deux blocs, éliminant le besoin de chauffer. Cette technique permet donc un recuit à 
température ambiante et avec des cinétiques plus rapides grâce à l’effet plastifiant du 
solvant gonflant le film. On peut ainsi obtenir des microdomaines avec un ordre à longue 
distance.50 D’autres paramètres sont cependant à considérer lors de recuits en vapeurs de 
solvant. Par exemple, la pression de la vapeur influençant le taux de gonflement du film,51-
54 la sélectivité du solvant utilisé55-58 ou, encore, la cinétique d’évaporation des vapeurs 
pour emprisonner la morphologie59-62 vont avoir un impact sur les morphologies observées 
ainsi que sur leur orientation vis-à-vis du substrat. Van Zoelen et al. ont démontré que la 
pression partielle de la vapeur de solvant utilisée pour les recuits de films minces de PS-
P4VP en présence de PDP influence le taux de gonflement du film et la morphologie 
observée.63 Cavicchi et Russell ont aussi remarqué que l’orientation de la morphologie 
cylindrique peut être modifiée par une concentration plus ou moins grande du solvant dans 
le film gonflé.52 Wu et al. ont étudié le taux de gonflement en fonction du temps et observé 
une évolution de la morphologie passant de nodules (ou sphères) à des stries (cylindres 
horizontaux). Le choix de l’épaisseur initiale en accord avec le taux de gonflement du film 
donne lieu à des phénomènes de terrassement, permettant ainsi la formation d’une double 
couche de cylindres horizontaux.53 
La sélectivité du solvant est un paramètre permettant de jouer sur le taux de 
gonflement de chacun des blocs et ainsi influencer la morphologie finale du film. En effet, 
on sait que, si un solvant sélectif est utilisé pour le recuit en vapeurs de solvant, le bloc 
soluble gonfle plus que le bloc insoluble.64 De plus, les interactions à l’interface film/air 
sont modifiées et le bloc ayant plus d’affinité avec le solvant subit une migration, ce qui 
peut résulter en une réorientation de la morphologie.58 Albert et al. ont utilisé un dispositif 
microfluidique permettant de mélanger deux solvants (un sélectif, l’hexane, et un non-
sélectif, le THF) à différentes compositions pour observer l’évolution d’un film mince de 
copolymères triblocs poly(styrène-b-isoprène-b-styrène). Ils ont montré que la composition 
du mélange de solvants influence l’orientation de la morphologie cylindrique du film de 
copolymère, en raison de l’affinité préférentielle d’un des blocs vers l’interface solvant/film 
ainsi qu’à des taux de gonflement différents pour les deux phases.55 
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Enfin, la cinétique d’évaporation du solvant pouvant avoir une influence sur 
l’orientation de la morphologie d’un film mince de copolymères à blocs, il est important de 
comprendre ce phénomène à la fois pendant le recuit mais aussi pendant le « dip-coating ». 
En effet, au début de l’évaporation du solvant, un gradient de concentration de solvant se 
crée sur l’épaisseur du film, avec une concentration plus faible à la surface et plus élevée à 
l’intérieur du film. Par conséquent, une séparation de phases a lieu à la surface du film 
tandis que le copolymère reste à l’état désordonné en profondeur. Au fur et à mesure que le 
solvant s’évapore et que sa concentration diminue dans l’épaisseur du film, la séparation de 
phases et l’ordre se propage depuis la surface jusqu’à l’intérieur du film causant une 
orientation verticale de la morphologie cylindrique (Figure 1.7).62 Phillip et al. ont 
remarqué cet effet de la cinétique d’évaporation sur l’orientation d’une morphologie 
cylindrique d’un film de copolymère PS-PLA. Pour une évaporation lente, l’orientation 
parallèle est privilégiée alors que l’évaporation rapide oriente les cylindres de manière 
perpendiculaire au substrat.61 La cinétique d’évaporation du solvant est directement reliée à 
la vitesse de retrait de l’échantillon pendant le « dip-coating ». 
 
 
Figure 1.7. (a) Représentation schématique de l’influence de l’évaporation du solvant 
sur l’orientation de la morphologie d’un film mince de copolymères. (b) Images SEM 
montrant cet effet sur des films minces de copolymères poly(styrene-b-lactide) séchés 
à des cinétiques d’évaporation de (b1) 120 min et de (b2) 5 min. Reproduite et adaptée 
des références 61 et 62 avec la permission d’ACS Publications et de John Wiley and 
Sons. © 2010 American Chemical Society. © 2004 John Wiley & Sons. 
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1.2.2.2 Contrôle externe de la morphologie 
Des modifications peuvent être réalisées avant même la fabrication du film et le 
recuit pour favoriser une certaine morphologie ou orientation. Parmi celles-ci, des 
modifications de surface, par exemple par greffage d’une brosse de polymère,65,66 sont 
couramment employées et visent à modifier les interactions substrat/film. Un contrôle de 
l’organisation des microstructures peut aussi être obtenu en guidant l’auto-assemblage à 
l’aide de substrats modifiés par lithographie (graphoépitaxie),67-72 ou en utilisant, tout 
simplement, un substrat possédant une rugosité très régulière.73,74 
Les copolymères possédant une géométrie cylindrique ou lamellaire et ayant des 
blocs possédant des affinités différentes avec les interfaces peuvent s’orienter parallèlement 
ou perpendiculairement au substrat. Mansky et al. ont ainsi montré l’influence des énergies 
interfaciales film/substrat en modifiant la surface d’une substrat de silicium par greffage 
d’une brosse de copolymère statistique poly(styrène-co-méthacrylate de méthyle) (PS-co-
PMMA) à différentes compositions. À une certaine composition, l’orientation de la 
morphologie cylindrique du film de copolymères à blocs PS-b-PMMA bascule 
d’horizontale à verticale du fait des affinités équivalentes des deux blocs vis-à-vis de la 
surface.65,66 
La géométrie de surface du substrat peut aussi avoir un impact déterminant sur 
l’ordre des microdomaines. Il a été démontré que les substrats nanolithographiés peuvent 
influencer l’ordre des microstructures grâce à des effets de confinement. Les parois du 
gabarit sur le substrat imposent l’ordre au sein du film mince.67-70,72 Cet effet de 
confinement n’agit malheureusement que sur de courtes distances par rapport à la 
dimension des microdomaines. En effet, pour une morphologie lamellaire perpendiculaire 
(lamelles perpendiculaires au substrat), il a été observé que l’ordre se perd au bout de 
quelques périodicités de la microstructure lorsque les dimensions du gabarit sont grandes 
par rapport à la taille des microdomaines (Figure 1.8).75 La persistance de l’arrangement dit 
« cristallin » semble cependant être plus grande dans le cas d’une morphologie sphérique 
où l’on peut obtenir un ordre jusqu’à la dizaine de micromètres si des gabarits en forme 
d’hexagone sont utilisés.76-78 Néanmoins, la dépendance de l’ordre avec les dimensions du 
gabarit constitue le principal défaut de cette technique. 
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Figure 1.8. Images SEM montrant l’effet de la largeur du gabarit sur l’ordre d’un film 
mince de copolymère à blocs symétrique PS-PMMA présentant une morphologie 
lamellaire. Le substrat a été modifié par le greffage d’un copolymère statistique 
permettant l’orientation verticale des lamelles. Reproduite de la référence 75 avec la 
permission de John Wiley & Sons. © 2007 John Wiley & Sons. 
 
Cependant, il a récemment été montré qu’en utilisant un substrat de saphir 
monocristallin mal coupé et présentant des rugosités régulières, un ordre à échelle 
macroscopique peut être obtenu. L’orientation des microdomaines est guidée par la 
régularité de ces aspérités, répétées sur tout le substrat ce qui aboutit à un ordre 
virtuellement sans défaut au sein du film mince (Figure 1.9).73,74 
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Figure 1.9. Représentation schématique de la stratégie utilisée pour fabriquer des 
microdomaines cylindriques de copolymère à blocs possédant un ordre élevé à longue 
distance. Le substrat utilisé (saphir monocristallin, A) présente une surface très 
régulière en dents de scie après recuit à 1300 °C (B). Après avoir étalé un film de 
copolymères à blocs de PS-b-PEO par « spin-coating » (C), et l’avoir recuit dans des 
vapeurs de solvant o-xylène (D), les microdomaines adoptent un ordre à longue 
distance provoqué par la régularité des ondulations du substrat. (E) et (F) sont des 
images AFM de phase de films minces recuits de copolymères PS-b-PEO possédant 
une épaisseur, respectivement, de 24 et 34 nm. Reproduite de la référence 73 avec la 
permission de l’American Association for the Advancement of Science. © 2009 
American Association for the Advancement of Science. 
 
En plus des techniques de modification du substrat, des stimuli externes peuvent 
également être employés après la fabrication du film dans le cas de copolymères 
« stimulables ».37,39 On peut citer notamment les champs électriques,79-81 le cisaillement,82-
84 la lumière polarisée85,86 ou même les micro-ondes.87 Le groupe de Russell a été l’un des 
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premiers à utiliser un champ électrique pour favoriser l’orientation de la morphologie 
cylindrique d’un film de copolymères PS-PMMA.79 Ils ont ainsi remarqué un alignement 
parallèle des cylindres par rapport au champ électrique après un long recuit en température 
(Figure 1.10). 
 
 
Figure 1.10. Images TEM d’un film de PS-PMMA possédant une morphologie 
cylindrique en contact avec une électrode (a) en présence d’un champ électrique de 37 
kV/cm, (b) en absence de champ électrique. La barre d’échelle représente 500 nm. 
Reproduite de la référence 79 avec la permission de l’American Association for the 
Advancement of Science. © 1996 American Association for the Advancement of 
Science. 
 
1.2.2.3 Contrôle par complexation 
L’utilisation de copolymères à blocs capables de se complexer avec une molécule 
tierce permet aussi de modifier la morphologie des films minces en changeant notamment 
la fraction volumique apparente des blocs. Afin de permettre ce type d’interactions, il est 
nécessaire d’utiliser un copolymère à blocs dont un des blocs présente une telle 
fonctionnalité. Le PS-PVP a été largement utilisé dans ce but en raison de la capacité du 
PVP à former des liaisons hydrogène. Comme dans le cas des copolymères en masse, 
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différents types de molécules ont été employés. Pionnier dans ce domaine, le groupe de 
Stamm a montré qu’il est possible de modifier la morphologie de films minces réalisés par 
« dip-coating » de PS-P4VP en fonction du solvant utilisé (Figure 1.11).88-91 La petite 
molécule utilisée, l’acide 2-(4-hydroxybenzèneazo)benzoïque (HABA), se complexe 
différemment avec le P4VP en milieu chloroforme ou dioxane. Une orientation verticale de 
la morphologie cylindrique est observée avec le dioxane en raison d’une monocouche 
venant se placer à l’interface film/substrat équilibrant les énergies interfaciales. Dans le cas 
du chloroforme, les cylindres sont orientés parallèlement au substrat. Par ailleurs, des films 
poreux ont pu être fabriqués en retirant la petite molécule à l’aide d’un solvant sélectif. Ce 
gabarit a servi à faire croître des nanopiliers de nickel par électrodéposition. Ce groupe 
s’est finalement penché sur d’autres petites molécules et a d’ailleurs rassemblé et comparé 
ses résultats dans un article de revue publié en 2010.92 
 
 
Figure 1.11. Représentation schématique du procédé utilisé pour la formation de films 
minces de copolymères à blocs supramoléculaires. Reproduite de la référence 88 avec 
la permission d’ACS Publications. © 2003 American Chemical Society. 
 
Laforgue et al. ont aussi mis à profit la complexation entre le PS-P4VP et d’autres 
petites molécules comme le 1,5-dihydroxynaphthalène (DHN) pour fabriquer des films 
nanoporeux, grâce au retrait sélectif de la petite molécule (Figure 1.12). En effet, la DHN 
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se complexe avec le P4VP dans le THF menant aux mêmes observations que le groupe de 
Stamm en termes de morphologie dans un solvant sélectif et de fabrication de films 
nanoporeux à l’aide du retrait de la petite molécule avec du méthanol.93,94 
 
 
Figure 1.12. Représentation schématique de films minces de PS-P4VP associés à la 
petite molécule DHN (a) juste après dépôt par « dip-coating » et (b) après immersion 
dans du méthanol pour solubiliser le DHN. Les dimensions sont en nm. Reproduite de 
la référence 93 avec la permission d’ACS Publications. © 2006 American Chemical 
Society. 
 
Or, la présence d’une petite molécule a une influence sur l’évolution de la 
morphologie du film mince de copolymères lors du recuit en vapeurs de solvant. Après 
s’être intéressé au mélange en masse, le groupe de ten Brinke a ainsi étudié l’influence de 
la petite molécule PDP sur la morphologie de films minces de copolymères PS-P4VP sur 
lesquels étaient réalisés des recuits. Ils ont montré que la présence du PDP change les 
interactions interfaciales et contribue à la réorientation de la morphologie du film mince, ce 
qui n’était pas observé avec le copolymère pur.51,63 La quantité de petite molécule utilisée 
change les fractions volumiques relatives du copolymère à blocs en se solubilisant 
préférentiellement dans la phase P4VP et modifie ainsi la morphologie du film mince.91,95,96 
Le type de solvant utilisé pendant le recuit joue aussi sur les interactions entre le bloc P4VP 
et la petite molécule. En effet, si le solvant possède un groupement accepteur de liaison 
hydrogène, il peut rentrer en compétition avec le bloc P4VP et gêner ces interactions 
changeant ainsi la morphologie du film. Récemment, Huang et al. ont remarqué que le THF 
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et le chloroforme ont des effets opposés sur l’orientation d’une morphologie cylindrique de 
PS-P4VP complexé avec le PDP.97 Le groupe de Stamm a aussi remarqué ce basculement 
de morphologie avec le PS-P4VP/HABA en présence de vapeurs de dioxane ou de 
chloroforme, sans toutefois l’expliquer en termes d’une compétition entre interactions mais 
plutôt en termes de taux de gonflement différents des deux blocs dus à la sélectivité du 
solvant utilisé.88,89 
 
1.3 Applications des films minces 
L’échelle nanométrique des domaines formés par l’auto-assemblage des 
copolymères à blocs a permis l’émergence de nombreuses applications dites de 
nanotechnologie utilisant les films minces. Dans un grand nombre d’applications, 
notamment dans l’industrie des semi-conducteurs, ces films sont sérieusement considérés 
comme des alternatives pour la réalisation de gabarits/masques.38,98-102 Cette section de la 
thèse présente un aperçu des principales applications développées dans la littérature. 
 
1.3.1 Nanolithographie 
En utilisant l’auto-assemblage des copolymères à blocs et en dégradant un bloc à 
l’aide de différentes techniques, il est possible de fabriquer des matériaux possédant une 
porosité à l’échelle de la dizaine de nanomètres. Une des premières études dans le domaine, 
réalisée par Park et al., utilise le copolymère poly(styrène-b-butadiène) (PS-PB) ou le 
poly(styrene-b-isoprène) (PS-PI) comme masque pour la nanolithographie. Grâce à 
l’ozonolyse de la phase minoritaire PB ou PI ou en la colorant sélectivement avec du 
tétraoxyde d’osmium (OsO4), ces films de copolymères ont été utilisés comme masques 
négatifs ou positifs pour générer, par gravure ionique réactive (« reactive ion etching », 
RIE), des substrats présentant des pores ou des nodules (avec une densité de ~ 1011 
pores/cm2) (Figure 1.13).103 La même approche a plus tard été employée par le groupe de 
Russell qui a utilisé le copolymère poly(styrène-b-méthacrylate de méthyle) (PS-PMMA). 
La dégradation du bloc PMMA se faisant par exposition aux rayonnements UV, ils ont pu 
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facilement retirer cette phase par lavage à l’acide acétique, créant ainsi une membrane 
poreuse utilisée pour la lithographie.104,105 Cette technique a depuis été maintes fois reprise 
pour la fabrication d’autres objets nanolithographiés.106,107 
 
Figure 1.13. (A) Représentation schématique du principe de nanolithographie utilisant 
un masque fait d’un film de copolymère à blocs PS-b-PB possédant une morphologie 
sphérique. (B) Utilisation d’un film traité par ozonolyse. L’ozonolyse a pour effet de 
dégrader sélectivement la phase PB et de former, ainsi, un substrat possédant des trous 
après érosion par RIE. (C) Un négatif de cet échantillon peut être obtenu en remplaçant 
l’étape d’ozonolyse par une étape de coloration sélective du PB par OsO4, ce qui a 
pour effet de rendre le PB plus résistant au RIE. Le processus produit alors un substrat 
possédant des nodules. Reproduite de la référence 103 avec la permission de 
l’American Association for the Advancement of Science. © 1997 American 
Association for the Advancement of Science. 
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À l’aide du PS-P4VP, d’autres approches peuvent être utilisées pour la lithographie 
sur silicium. L’acide fluorhydrique (HF) est un bon solvant du P4VP mais peut aussi servir 
à la gravure de substrats de silicium. En effet, le silicium possède une couche d’oxyde 
naturelle très fine (2 à 3 nm) à la surface qui peut être épaissie par recuit à très haute 
température en présence d’oxygène.108 Le groupe de Buriak a étudié l’influence du HF 
aqueux sur des films minces de PS-P4VP sur silicium possédant une couche d’oxyde 
pouvant être attaquée par l’acide.109 Le P4VP, étant soluble dans l’HF, permet le contact 
entre l’acide et l’oxyde de silicium à la surface du substrat et vient éroder la surface de 
manière précise et ordonnée selon l’arrangement hexagonal du film de copolymère à blocs, 
donnant naissance à un procédé original de nanolithographie. 
D’autres applications telles que les membranes filtrantes fabriquées à partir de films 
de copolymères à blocs PS-PLA ont aussi été étudiées.61,110,111 En dégradant sélectivement 
le bloc PLA à l’aide d’une solution basique, des membranes avec différentes tailles de 
pores sont obtenues et peuvent être employées pour filtrer des solutions par effet stérique. 
Une membrane utilisant le même principe a aussi été développée en mélangeant de 
l’homopolymère PMMA avec du PS-PMMA. L’homopolymère vient gonfler les cylindres 
de PMMA et orienter la morphologie cylindrique de manière verticale112 avant d’être retiré 
à l’aide d’un solvant. Les films nanoporeux ainsi obtenus ont ici servi à filtrer des solutions 
contenant des contaminants biologiques (Figure 1.14).113 
En plus de leur utilisation comme masques pour la nanolithographie ou comme 
membranes poreuses, les films minces de copolymères à blocs ont aussi été employés 
comme nanoréacteurs pour la fabrication de nanomatériaux métalliques80,88,114 ou 
organiques.115-117 Thurn-Albrecht et al. ont été les premiers à montrer qu’en utilisant des 
gabarits fabriqués à partir de films nanoporeux de PS-PMMA obtenus suite à la dégradation 
du bloc PMMA, il était possible de faire croître des nanofils de cobalt par électrodéposition, 
qui trouvent leurs applications, entre autres, dans le développement de matériaux de 
stockage de données à haute performance (Figure 1.15).80 
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Figure 1.14. Représentation schématique du principe d’utilisation de films minces de 
copolymères PS-PMMA/PMMA pour des membranes. Reproduite de la référence 113 
avec la permission de John Wiley & Sons. © 2006 John Wiley & Sons. 
 
1.3.2 Nanoparticules 
Toutes les applications présentées au paragraphe précédent procèdent par la 
suppression d’un des blocs pour créer un film nanoporeux. L’utilisation d’un copolymère 
possédant une fonctionnalité supplémentaire permet d’utiliser la morphologie du film à 
d’autres fins, par exemple pour la fabrication de nanomatériaux hybrides. Pour réaliser ces 
nano-objets, le PS-PVP est un candidat idéal car il permet la complexation entre la pyridine 
et des ions métalliques ou des métaux. En effet, grâce à la protonation, à la complexation 
par liaison hydrogène ou aux propriétés de ligand de l’azote aromatique, le PVP joue le rôle 
de point d’ancrage. En combinant ces propriétés avec l’auto-assemblage des copolymères, 
toute une bibliothèque de nano-objets peut être réalisée. 
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Figure 1.15. (A, B, C) Représentation schématique du principe d’utilisation d’un film 
nanoporeux comme gabarit pour la fabrication de nanofils de cobalt : (A) application 
d’un champ électrique pour aligner les cylindres de PMMA d’un film de copolymères 
PS-PMMA de manière verticale ; (B) retrait sélectif de la phase PMMA ; (C) 
croissance des nanofils de cobalt par électrodéposition. (D) Image SEM de la section 
d’un film nanoporeux de PS-PMMA fracturé, après avoir réalisé la croissance 
incomplète des nanofils de cobalt. Reproduite de la référence 80 avec la permission de 
l’American Association for the Advancement of Science. © 2000 American 
Association for the Advancement of Science. 
 
Une première approche consiste à utiliser la complexation des ions auriques avec le 
cœur PVP des micelles de PS-PVP et, ensuite, de les déposer afin de réaliser le film.118-120 
La complexation a donc lieu en solution mais il est plus difficile de manipuler par la suite la 
morphologie du film obtenu à l’aide d’un recuit. Une seconde approche consiste à adsorber 
les ions métalliques sur le film après « spin-coating », voire après recuit dans des vapeurs 
de solvant.119-121 Dans ces deux cas, la réduction des ions adsorbés pour les transformer en 
nanoparticules d’or doit être provoquée. Plusieurs possibilités existent : l’utilisation d’un 
réducteur fort du type N2H4,118 ou un traitement au plasma,121 la réduction par déplacement 
galvanique119,120 ou par bombardement d’électrons sous le rayonnement d’un microscope 
électronique.123 
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Les deux premières possibilités ont été largement mises à profit par le groupe de 
Buriak.124,125 Ils ont notamment fabriqué des nanofils de platine en combinant l’auto-
assemblage avec des substrats nanolithographiés (Figure 1.16). Ces fils métalliques 
présentent un ordre parfait et peuvent être utilisés pour des applications en électronique. En 
contrôlant l’épaisseur initiale du film et le taux de gonflement pendant le recuit en vapeurs 
de solvant, ils ont profité des effets de terrassement se produisant pendant ces traitements 
pour augmenter la densité des nanostructures métalliques sur la surface d’un film.53 
 
Figure 1.16. Images SEM de nanofils de platine alignés à l’aide d’un substrat de 
silicium nanolithographié. Différentes géométries sont présentées : (a) rectangulaire, 
(b) triangulaire, ou (c, d) circulaire. Reproduite de la référence 125 avec la permission 
d’ACS Publications. © 2008 American Chemical Society. 
 
D’autres structures ont pu été formées en utilisant la même approche. Jeon et al. ont 
exploité la non-miscibilité du P4VP et du P2VP pour former des gabarits inédits à l’aide 
d’un mélange de PS-P4VP et de PS-P2VP. Les deux blocs possédant le groupement 
pyridine ont la même affinité avec les ions auriques, permettant la formation d’une 
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géométrie rarement observée avec les copolymères à blocs, après recuit par vapeurs de 
solvant et adsorption d’or (Figure 1.17).123 
 
Figure 1.17. (1) Représentation schématique de l’effet du recuit en vapeurs de THF de 
films minces d’un copolymère de PS-P2VP mélangé avec du PS-P4VP. Le P4VP et le 
P2VP sont respectivement représentés en vert et bleu. (2) Images TEM de films minces 
de PS-P2VP/PS-P4VP (a) avant recuit en vapeurs de THF ; (b) après recuit en vapeurs 
de THF ; (c) après adsorption d’ions auriques. Reproduite de la référence 123 avec la 
permission d’ACS Publications. © 2011 American Chemical Society. 
 
Enfin, les nanoparticules peuvent être, dans un premier temps, synthétisées 
séparément puis mises en contact avec le film de PS-PVP pour y être adsorbées.126,127 
Minelli et al. ont ainsi déposé des nanoparticules d’or sur des films « dip-coatés » de 
copolymères PS-P2VP possédant une morphologie lamellaire avec des lamelles 
perpendiculaires au substrat, résultant en des nanofils d’or possédant une longueur de 
l’ordre du micromètre.126 Cette approche a aussi été utilisée par Gowd et al. pour diriger 
l’auto-assemblage de nanoparticules métalliques. Des nanoparticules d’or, de platine et de 
palladium ont été déposées et ordonnées grâce à l’auto-assemblage quasi-hexagonal de 
films minces de copolymères à blocs.127 
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1.4 Objectifs de la thèse 
Même si les films minces de copolymères à blocs sont très utilisés du fait de leur 
capacité d’auto-assemblage, leur préparation par la technique de « dip-coating » demeure 
peu courante malgré ses nombreux avantages. Ce procédé étant couramment employé dans 
le domaine des sol-gel pour la fabrication de couches minces, il a été étudié afin d’en 
contrôler tous les paramètres. Dans cette optique, l’équipe de Grosso a modélisé l’évolution 
de l’épaisseur de films minces inorganiques sol-gel avec la vitesse de retrait.46-48 Un des 
objectifs de cette thèse de comparer ces modèles avec des solutions de copolymères et 
d’arriver à maîtriser les différents paramètres du « dip-coating » pour contrôler les 
caractéristiques des films minces de copolymères à blocs, à savoir l’épaisseur ainsi que la 
morphologie. Pour certaines applications, il est nécessaire de contrôler précisément 
l’épaisseur des films, laquelle est étroitement liée à la vitesse de retrait et à la concentration, 
comme nous allons le présenter. Comprendre son évolution est d’autant plus primordial que 
la morphologie du film mince dépend fortement de son épaisseur. 
La complexation de l’un des blocs du copolymère avec une petite molécule a déjà 
prouvé son efficacité pour modifier la morphologie de films, en faisant varier la fraction 
volumique apparente dudit bloc. L’influence de la structure et de la force des interactions 
existant entre cette molécule et le bloc du copolymère sur les caractéristiques des films 
minces « dip-coatés » a cependant été peu explorée. Les travaux de l’équipe de Stamm ont 
montré que l’utilisation d’une petite molécule possédant à la fois des fonctions alcool et 
acide carboxylique influençait l’orientation de la morphologie d’un copolymère de PS-
P4VP selon le solvant utilisé.88 Nous avons voulu approfondir ces recherches en utilisant 
des petites molécules monofonctionnelles dérivées du naphtalène. Ainsi, deux petites 
molécules, l’une portant un groupement alcool et l’autre portant un groupement acide 
carboxylique, ont été sélectionnées afin de mieux comprendre leur rôle dans l’auto-
assemblage du copolymère. Des travaux préalables ont montré une différence de 
morphologie entre des films « dip-coatés » de PS-P4VP complexés avec deux petites 
molécules ne différant que par le groupement fonctionnel permettant la liaison 
hydrogène.128 Pour des conditions expérimentales identiques, la petite molécule possédant 
une fonction acide carboxylique donne une morphologie en stries (cylindres horizontaux) 
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tandis que la petite molécule possédant une fonction alcool génère une morphologie en 
nodules (sphères). Un des principaux objectifs de cette thèse a donc été de comprendre et 
d’expliquer l’origine de cette différence et de vérifier les morphologies. Dans ce but, 
plusieurs causes potentielles sont explorées : quantité et répartition de la petite molécule 
dans le film, complexation en solution, force de la liaison hydrogène selon le solvant 
utilisé… Une caractérisation approfondie de la morphologie en fonction des paramètres de 
préparation du film permet d’identifier leur rôle et de mieux cerner l’effet de la 
complexation. 
Enfin, un objectif à plus long terme étant d’employer ces films comme gabarits pour 
la conception de biocapteurs (utilisant le principe de résonnance de plasmons de surface), 
nous avons cherché à adsorber des nanoparticules d’or à la surface du film en profitant des 
affinités entre le P4VP et l’or. Préalablement, des recuits en vapeurs de solvant sont utilisés 
pour améliorer l’ordre à grande échelle ou pour changer la morphologie en sélectionnant le 
bon solvant. Une bonne connaissance de la cinétique et du mécanisme impliqué permet 
d’obtenir des films avec un ordre à longue distance sur de grandes surfaces. Il est ensuite 
possible d’obtenir des surfaces structurées de nanoparticules d’or avec la capacité de 
moduler les caractéristiques du gabarit selon le polymère utilisé. 
 
1.5 Contenu de la thèse 
À la suite du présent chapitre d’introduction, le deuxième chapitre est dédié à une 
caractérisation des films minces obtenus par « dip-coating » de copolymères PS-P4VP 
complexés avec une petite molécule monovalente possédant soit une fonction alcool, le 
naphtol, soit une fonction acide carboxylique, l’acide naphtoïque. Ce chapitre a été publié 
sous forme d’article dans Macromolecules (Roland, S.; Gaspard, D.; Prud’homme, R. E.; 
Bazuin, C. G. Macromolecules 2012, 45, 5463-5476). 
Le troisième chapitre permet de comprendre l’influence de la vitesse de retrait dans 
le processus de « dip-coating » sur la composition du film dans le cas des films 
supramoléculaires. Une étude par spectroscopie infrarouge en mode ATR (« Attenuated 
total reflection ») est décrite permettant des mesures de composition de films minces 
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supramoléculaires. Ce chapitre, avec les Pr. Pellerin, Bazuin et Prud’homme comme co-
auteurs, a été publié sous forme d’article dans Macromolecules (Roland, S.; Pellerin, C.; 
Bazuin, C. G.; Prud’homme, R. E. Macromolecules 2012, 45, 7964-7972). 
Le quatrième chapitre, particulièrement important pour une compréhension globale 
du processus de « dip-coating » des copolymères (supramoléculaires) à blocs en films 
minces, présente les deux régimes de dépôt, récemment découverts et gouvernés 
essentiellement par la vitesse de retrait du substrat. Aux faibles vitesses de retrait, 
l’épaisseur du film diminue avec la vitesse de retrait et est gouvernée par le régime de 
« capillarité » alors qu’aux vitesses de retrait élevées, elle augmente et est gouvernée par le 
régime de « drainage ». Ces deux régimes sont en compétition, résultant en une courbe en 
forme de V lorsque l’on trace l’épaisseur en fonction de la vitesse de retrait. Ce chapitre a 
été publié sous forme de communication dans ACS Macro Letters (Roland, S.; 
Prud’homme, R. E.; Bazuin, C. G. ACS Macro Lett. 2012, 1, 973-976). 
Le cinquième chapitre montre l’influence du solvant utilisé lors du « dip-coating ». 
Le chloroforme est un solvant non sélectif pour le PS-P4VP et qui favorise les liaisons 
hydrogène entre la petite molécule et le P4VP. Ceci influe, à la fois, sur la composition des 
films minces ainsi que sur leur morphologie. Ce chapitre a été accepté pour publication 
dans Science China Chemistry dans le cadre d’un numéro spécial soulignant un colloque 
entre Peking University et l’Université de Montréal. Il est présentement sous presse. 
Enfin, un sixième chapitre présente la manipulation des morphologies à l’aide des 
recuits de vapeurs, avec une ouverture sur les applications potentielles en utilisant le P4VP 
comme site d’ancrage à des nanoparticules d’or et permettant la fabrication de matériaux 
hybrides. Ce chapitre sera soumis pour publication et sujet à quelques expériences 
supplémentaires. 
Le dernier chapitre conclut cette thèse en résumant les principaux résultats et 
apporte des perspectives concernant des travaux futurs qui pourraient être poursuivis à la 
suite de cette étude. 
Pour le chapitre 2, l’auteur de cette thèse a réalisé au moins 70% des expériences 
pour confirmer et compléter les manipulations initiées par David Gaspard, et a participé à la 
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rédaction de l’article en concertation avec ses superviseurs, Pr. Robert E. Prud’homme et 
Pr. C. Géraldine Bazuin. Pour les chapitres 3 à 6, l’auteur de cette thèse a entièrement 
réalisé les expériences et effectué la rédaction des articles en concertation avec ses 
superviseurs. Il a supervisé le travail d’un stagiaire de 1er cycle, Shanon Etima, dans une 
partie du chapitre 3 (DSC) ainsi que deux stagiaires de 1er cycle dans une partie du travail 
du chapitre 6, Béatrice Van Horenbeke (recuits en vapeurs de solvant) et Marion Piot 
(adsorption de nanoparticules d’or). Le Pr. Christian Pellerin a apporté son expertise et ses 
conseils pour l’analyse des résultats de spectroscopie infrarouge du chapitre 3. 
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Chapitre 2 
Morphology Evolution in Slowly Dip-Coated 
Supramolecular PS-b-P4VP Thin Films* 
 
2.1 Abstract 
Block copolymer films obtained by dip-coating have been much less studied than 
those obtained by spin-coating, although it is an important industrial process. In our 
investigations of supramolecular diblock copolymer films of PS-P4VP (∼30 wt % P4VP) 
dip-coated from THF solutions, we initially found that films containing a monohydroxy-
functionalized small molecule (SM), 1-naphthol (NOH), have a dot morphology, whereas 
those containing a monocarboxylic acid-functionalized small molecule, 1-naphthoic acid 
(NCOOH), have a stripe morphology. The COOH functionality is known to hydrogen bond 
more strongly to pyridine than OH. Yet the total amount of SM in the two types of films 
under given conditions is the same and PS-P4VP/NOH and PS-P4VP/NCOOH (equimolar 
SM:VP) in THF solution are both micellar, with the same spherical shape and size as PS-
P4VP alone. On the other hand, the stripe morphology can be transformed to dot 
morphology by decreasing the dip-coating rate, the solution concentration or the SM:VP 
molar ratio, and vice versa. Vertical TEM indicates that the stripes correspond to horizontal 
cylinders, whereas the dots appear to be essentially spherical micelles. Although the films 
tend to be subject to terracing or dewetting, the average thickness of the films was observed 
to decrease towards a minimum with increase in dip-coating rate. This was related to the 
slow rates used, shown recently in sol-gel films to correspond to the so-called capillarity 
regime, and never before, to our knowledge, investigated in connection with its influence 
on block copolymer morphology. The minimum film thickness corresponds to the brush 
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copolymer regime, which can be obtained almost uniformly for NOH-containing films, but 
is accompanied by stripe regions in the NCOOH-containing films investigated. Possible 
reasons for the differences in morphology evolution in films containing NOH vs. NCOOH 
are discussed in the light of the experimental findings. 
 
2.2 Introduction 
The self-assembling properties of block copolymers in thin films have been 
investigated by numerous research groups for both their intrinsic scientific interest and their 
numerous potential nanotechnological applications, as summarized in a number of reviews 
(e.g., refs 1-7). The underlying phenomena of interest are the variety and orientation of the 
periodic structures to which the self-assembly gives rise, as dictated by various molecular 
and operational parameters. The latter are partially understood and are typically 
complicated by kinetic effects that can nevertheless be advantageous for obtaining desired 
patterns. It is known, for example, that factors controlling the film morphology and 
structural orientation include the block compositions, molecular weights and interaction 
parameters; interfacial interactions with substrate and air; film thickness relative to natural 
block copolymer periodicity; and type and evaporation rate of solvent used. 
Among the many ways of controlling block copolymer thin film self-assembly, 
which is essential for applications, is the addition of block selective small organic 
molecules, particularly ones with functional groups that bond non-covalently to one of the 
blocks, also called "supramolecular control" or the "supramolecular approach".8-15 [The 
addition of a homopolymer or second block copolymer, a related approach, may also be 
mentioned.16-20] One of the advantages of the use of small molecules is that they can be 
easily washed out to create porous materials useful for many applications.5,8 They also 
provide a simple method for introducing other functionalities and/or hierarchical order into 
the films. More fundamentally, they participate in the different interactions, increase the 
mobility, and modify the relative phase fractions that are crucial for determining the final 
film morphology, and can thus be employed to control and to fine-tune the patterns. 
40 
 
 
However, the phenomena involved are only beginning to be understood, and the 
supramolecular approach thus constitutes an emerging area in thin film research.8d 
A block copolymer that is readily available in a large variety of block molecular 
weights and that is especially amenable to supramolecular control is polystyrene-b-poly(4-
vinyl pyridine) (PS-P4VP). Hence, it has been the most popular block copolymer with 
which functional small molecules have been associated, usually by hydrogen-bonding to 
the vinyl pyridine (VP) group. In particular, ten Brinke and coworkers13 and Tung et al.9b-d 
have associated 3-n-pentadecylphenol (PDP) with PS-P4VP, previously investigated in the 
bulk where structure-within-structure morphologies were found,21 and were able to observe 
oriented hierarchical assemblies in thin films under certain conditions. Stamm and 
coworkers have used mainly 2-(4'-hydroxyphenylazo)benzoic acid (HABA), which 
possesses both a hydroxyl and a carboxylic acid H-bond donor, in conjunction with PS-
P4VP.8 They found that PS-P4VP/HABA films (typically with a P4VP/HABA volume 
fraction of ca. 0.25) dip-coated from dioxane solution lead to vertical cylinders whereas 
those prepared from chloroform solution lead to horizontal cylinders relative to the 
substrate. This cylinder orientation can be reversibly switched by annealing in the vapor of 
one or the other solvent. Furthermore, the film morphology can be manipulated by varying 
the HABA:VP molar ratio used.8e The film morphologies observed were interpreted in 
terms of how solvent swelling and selectivity move the system to different parts of the 
phase diagram.8 
Of particular interest to the present study, mention was made that HABA-containing 
films dip-coated from THF solution give coexisting vertical and horizontal cylinders.8a In 
contrast, we found that films dip-coated from THF solutions of PS-P4VP with a ditopic 
molecule with two hydroxy groups, dihydroxynaphthalene (DHN), lead only to a dot 
(vertical cylinder or micelle) morphology whatever the relative DHN:VP ratio, the PS-
P4VP composition, and film-forming conditions (in the ranges investigated).10 Washing 
films with vertically oriented cylinders in methanol removes the small molecule, leaving 
nanoporous films.8,10 These can be used as templates to grow, for example, metal 
nanodots.8a,d,g 
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Given the differing film morphologies obtained from THF solutions with HABA 
versus DHN, we decided to simplify the small molecule (SM) to a single functionality and 
compare the influence of a hydroxy-functionalized SM with an otherwise identical 
carboxylic acid-functionalized SM, thus decoupling the two types of hydrogen-bond 
functions. For this purpose, naphthol (NOH) and naphthoic acid (NCOOH) were chosen 
(Scheme 2.1). As briefly reported earlier,10b they lead to completely different morphologies, 
for which we use the terms dot and stripe morphologies, in dip-coated films. This is 
described in detail in the present paper, based on AFM studies, coupled with optical 
microscopy, cross-sectional TEM, and light scattering. We show how various 
compositional and experimental parameters, with particular focus on the dip-coating rate, 
influence the morphology obtained. 
 
 
Scheme 2.1. Molecular structure of the two principal small molecules used in this 
study. 
 
Furthermore, the vast majority of block copolymer thin films studied in the 
literature are obtained by spin-coating, where thickness can be controlled precisely by the 
solution concentration and spin-coating parameters. Only a few groups have looked closely 
at dip-coated films of block copolymers, although it is an important coating procedure 
industrially,22 notably Stamm and coll.8 in the studies mentioned above, and Krausch and 
coll. on films of PS-b-P2VP.23 The present study therefore has additional interest in that it 
focuses on phenomena in dip-coated films, particularly in the so-called capillarity regime,22 
which is attained by the very slow dip-coating rates employed, and never before 
investigated, to our knowledge, in connection with block copolymer morphology. 
NOH NCOOH
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2.3 Experimental Section 
2.3.1 Materials 
The polystyrene-b-poly(4-vinyl pyridine) (PS-P4VP) block copolymers, whose 
molecular weight characteristics are given in Table 2.1, were purchased from Polymer 
Source (Dorval, QC) and used as received. They will frequently be referred to hereafter by 
their block molecular weights (in kg/mol), as in 71.9-30.2. The principal small molecules 
(SMs) employed were 1-naphthol (NOH, >99%, m.p. = 95 °C; Sigma-Aldrich) and 1-
naphthoic acid (NCOOH, 99.8%, m.p. = 160-162 °C; Fluka), used as received. Other small 
molecules tested were 1-naphthalene acetic acid (97%, Sigma-Aldrich), 4’-hydroxy-4-
biphenylcarboxylic acid (99%, Sigma-Aldrich), 3,5-dihydroxy-2-naphthoic acid (97%, 
Sigma-Aldrich), benzoic acid (99%, Mallinckrodt), p-toluic acid (98%, Sigma-Aldrich), 4-
hydroxybenzoic acid (99%, Sigma-Aldrich), and 2,6-naphthalenedicarboxylic acid (99 %, 
Sigma-Aldrich), all used as received. Tetrahydrofuran (THF, 99.99%; VWR) and methanol 
(MeOH, ≥99.9%; VWR) were used as received. 
 
Table 2.1. Molecular weight characteristics of the PS-P4VP block copolymers used.a 
Mn(PS)–Mn(P4VP) 
(kg/mol) 
PDI 
 
wP4VP 
(%) 
w[P4VP+SM(1:1)] 
NOH / NCOOH (%) 
71.9-30.2 1.13 29.6 50.0 / 52.6 
31.9-13.2 1.08 29.3 49.6 / 52.2 
78.9-30.3 1.22 27.7 47.6 / 50.3 
41.5-17.5 1.07 29.7 50.0 / 52.7 
a Mn: block molecular weight; PDI : polydispersity index; wP4VP : weight percent of P4VP block 
in the block copolymer; w[P4VP+SM(1:1)] : weight percent of the P4VP/SM phase, assuming 
equimolar incorporation of the SM in the P4VP phase (i.e., 1:1 VP:SM molar ratio; SM = NOH 
or NCOOH). 
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2.3.2 Solution preparation 
Unless otherwise specified, the block copolymer (BC) and small molecule, in a 1:1 
SM:VP molar ratio, were dissolved together in THF to give a 0.5 wt % (5 mg/mL) solution 
concentration with respect to the BC. The solutions were stirred overnight at ca. 70 °C in 
sealed vials, and then filtered through a 0.45 followed by a 0.2 µm PTFE filter 
(Chromspec). The solutions were conserved in closed vials in the dark. No solutions older 
than one month were used, with reproducibility up to one month verified against fresh 
solutions. 
 
2.3.3 Dip-coating procedure and atomic force microscopy (AFM) 
Silicon wafers ({100}, 5x10 mm2; University Wafer, Pittsburgh) were used as 
substrates. These substrates (cleaned by soaking for several minutes in THF, wiping with 
Kimwipe tissue, and drying under nitrogen flow24) were dip-coated under ambient 
conditions (21 °C, variable humidity) by vertical immersion into solution at a rate of 5 
mm/min, followed by a 30 s pause24 and then vertical withdrawal from the solution at a 
controlled rate using a KSV 3000 Langmuir film balance. The coated substrates were air-
dried in covered containers overnight. To remove the small molecule, the coated substrates 
were immersed in MeOH for 30 min, dried under nitrogen flow and then under vacuum at 
70 °C for 5 min. AFM images were obtained in tapping mode with a Multimode 
microscope and a Nanoscope III controller (Digital Instruments) using the Nanoscope 
V5.30 software, operated under ambient atmosphere. The tips (Arrows NC model; spring 
constant 42 N/m, oscillation frequency 285 kHz, tip radius <10 nm) were obtained from 
Nanoworld (Neuchâtel). Each experiment was repeated on at least two films, and often 
more, including from separate solution preparations. Film thicknesses were measured from 
large-scale (ca. 30x30 μm2) AFM images across scalpel scratches. No significant difference 
in film morphology or thickness for any given dip-coating and composition condition was 
found in films dip-coated at different ambient humidities. 
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2.3.4 Fourier transform infrared spectroscopy (FTIR) 
Transmission infrared spectra, obtained from an accumulation of 64 interferograms 
at a resolution of 4 cm-1, were recorded with a Digilab Excalibur 3100 HE spectrometer 
equipped with a DTGS (Deuterated TriGlycine Sulfate) detector. Spectra were taken of 
films that were solution-cast on KBr pellets and dried overnight at 70 °C under vacuum and 
of the same films after immersion into anhydrous MeOH for 10 min, followed by drying at 
70 °C under vacuum for 1 h. For the small molecules, ATR-IR spectra from an 
accumulation of 256 interferograms at a resolution of 4 cm-1 were taken on powder 
samples, using a hemispherical Ge ATR crystal and p-polarized radiation at a 65° incident 
angle and a Tensor 27 Bruker spectrometer equipped with a MCT (Mercury Cadmium 
Telluride) detector. 
 
2.3.5 Solution light scattering 
Dynamic light scattering measurements of 0.5 wt % THF solutions were made using 
a Brookhaven BI-200SM instrument equipped with a 532 nm laser. The measurements 
were made at an angle of 90° and a temperature of 20 °C, controlled by a thermostated 
circulating water bath. Each hydrodynamic radius was averaged over five measurements. 
Using the system software, the method of cumulants with the third-order model was 
applied to fit the normalized autocorrelation function.  
Static light scattering measurements were made using a Wyatt Technology DAWN 
EOS multi-angle spectrometer equipped with a 690 nm laser. The solutions were manually 
injected using a HPLC pump with a 2-mL injection loop at a rate of 0.3 mL/min. Zimm 
plots were obtained using the ASTRA V.5.3.4.20 software for six different concentrations 
of copolymer solutions in THF (ranging from 0.05 to 0.3 mg/mL). The radii of gyration 
were calculated from the Zimm plots. 
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2.3.6 Optical microscopy 
Optical micrographs were obtained using a Zeiss Axioskop 40 optical microscope 
with non-polarized incident light in reflection mode. 
 
2.3.7 Transmission electron microscopy (TEM) 
In-plane TEM images were taken with a JEOL JEM 2000FX instrument operated at 
80 kV. Prior to film deposition, freshly cleaved mica substrates were carbon coated (using a 
Cressington 108 Carbon/A vacuum carbon evaporator) to facilitate film detachment. Film 
deposition followed the same procedure as for AFM. The films were detached from the 
substrate by floating in water. They were then transferred onto copper grids, dried and 
exposed for 24 h to I2 vapor, which selectively stains P4VP.  
Cross-sectional (out-of-plane) TEM images were taken with a Philips Tecnai 12 
operated at an acceleration voltage of 80 kV. Prior to dip-coating, the silicon substrates 
used were thermally annealed overnight in an oven at 700 °C in ambient atmosphere to 
create a thicker oxide layer, which eases the floating of the films on a 5 wt % hydrofluoric 
acid (HF) solution due to dissolution of the silicon oxide layer by the acidic solution.16d The 
floating films were picked up with pieces of cured epoxy (Embed-812, Electron 
Microscopy Sciences), allowed to dry, then covered with fresh epoxy and cured at 40 °C 
for 48 h. The cured epoxy-embedded films were then microtomed perpendicular to the film 
plane into slices of approximately 70-80 nm thick, using a Reichert-Jung Ultracut E 
microtome equipped with a Drukker diamond knife. Finally, the slices were deposited on 
Formvar–carbon coated copper TEM grids (Mecalab) and exposed for 3 h to I2 vapor. 
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2.4 Results and Discussion 
2.4.1 Infrared evidence for H-bonding 
Since THF is a competitive H-bond acceptor9e and could thus, at least partially, 
freeze out SM-VP H-bonding in the dried films, the state of NOH and NCOOH H-bonding 
with the PS-P4VP block copolymer (BC), 71.9-30.2, in solvent-cast films should be 
verified. The OH-pyridine hydrogen bond is considered to be intermediate in strength, 
whereas the COOH-pyridine hydrogen bond is considered to be strong.25 Figures 2.1 and 
2.2 show the IR spectra of THF solution-cast films of the two PS-P4VP/SM (SM:VP 1:1) 
systems before and after rinsing with methanol compared with those of the respective 
components. H-bonding in the BC/NOH system (Figure 2.1) is shown by the shift of the 
free pyridine bands at 993 and 1415 cm-1 for the copolymer to about 1007 (as a shoulder on 
a NOH band) and 1420 cm-1, respectively, for the blend.10,21b,26 In addition, the composite 
aromatic band at 1598 cm-1 (free pyridine in P4VP, phenyl in PS, aromatic rings in NOH) 
shows the presence of an additional peak for the blend at ca. 1603 cm-1 attributed to H-
bonded pyridine.26,27 H-bonding in the BC/NCOOH blend (Figure 2.2) is shown by the shift 
of the same pyridine bands to 1013, 1417 and a clearly distinguished peak at 1605 cm-1, 
respectively,25,28 with additional evidence provided by the two broad bands at ca. 2500 and 
1950 cm-1, which are a signature of strong carboxylic acid–pyridine hydrogen bonds.25,28,29 
Furthermore, the carbonyl band at 1676 cm-1 for NCOOH, attributed to hydrogen-bonded 
acid dimers, is shifted to 1695 cm-1 in the BC/NCOOH blend, indicating that the OH group 
of the acid is H-bonded to VP, freeing the C=O group from H-bonding.25,28 
The quasi-disappearance of the 993 cm-1 free pyridine band in both blends indicates 
that the extent of SM/VP hydrogen bonding in these equimolar blends is close to complete, 
although the weak shoulder on the high wavenumber side of the carbonyl band, which is 
ascribed to free acid groups, indicates the presence of a small fraction of free NCOOH 
molecules. The spectra of the films after rinsing in MeOH show that the small molecules 
are essentially completely washed out in both cases, as evidenced by the return of the 
above-mentioned pyridine bands to their original positions and by the disappearance of the 
various NOH bands (e.g. those at 1388 and 1516 cm-1) and NCOOH bands (e.g. the 
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carbonyl bands and that at 1510 cm-1) as well as, in the latter case, of the broad bands at 
2500 and 1950 cm-1. 
 
Figure 2.1. Infrared spectra of a PS-P4VP (71.9–30.2) film, naphthol (NOH), and a 
PS-P4VP/NOH (1:1) film before and after rinsing in methanol. The red dashed lines 
highlight VP bands that are shifted, as indicated by the arrows, in the BC/NOH blend 
(see text). The blue dashed lines highlight selected NOH bands. 
 
Dip-coated thin films similarly show clear evidence by IR of H-bonding between 
the SMs and the P4VP block.30 Very importantly, as will be described in detail in a 
forthcoming paper, it was found that the amount of SM in the dip-coated film is less than in 
solution and increases with dip-coating rate, but is the same within experimental 
uncertainty for both NOH and NCOOH for a given condition (dip-coating rate, solution 
SM:VP ratio).30 As points of reference, the relative proportion of the P4VP phase increases 
from almost 30 wt % for pure PS-P4VP to a maximum of ca. 50 wt % assuming equimolar 
SM:VP in the P4VP phase (Table 2.1). In the bulk, 30 wt % (≈ 30 vol %) P4VP is very near 
the transition from cylindrical to lamellar equilibrium morphology,21b so that even moderate 
swelling of P4VP by the SM puts the bulk system in the composition range for lamellar 
morphology. 
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Figure 2.2. Infrared spectra of a PS-P4VP (71.9–30.2) film, naphthoic acid (NCOOH), 
and a PS-P4VP/NCOOH (1:1) film before and after rinsing in methanol. The red 
dashed lines highlight VP bands that are shifted, as indicated by the arrows, in the 
BC/NCOOH blend (see text). The blue dashed lines highlight selected NCOOH bands, 
the arrow indicating the shift in the carbonyl band. Prune arrows indicate new bands 
indicative of strong COOH–VP H-bonds. 
 
2.4.2 Effect of NOH vs. NCOOH on thin film morphology 
Representative AFM height images and TEM micrographs of thin films that were 
dip-coated under identical conditions at a withdrawal rate of 2 mm/min onto silicon 
substrates from 0.5 wt % THF solutions of PS-P4VP/SM (1:1 SM:VP; SM=NOH and 
NCOOH), followed by removal of the SM by rinsing in MeOH, are given in Figure 2.3. 
They show that the NOH-containing film has a very different morphology from the 
NCOOH-containing film, despite the fact noted above that the total amount of SM in the 
films is the same for both NOH and NCOOH under the same experimental conditions and 
despite the fact that their film thicknesses, to be discussed below, are similar (20-25 nm). 
NOH leads to the same quasi-hexagonal pattern of P4VP/SM nodules within a PS matrix as 
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observed previously with DHN,10 whereas NCOOH gives a fingerprint pattern of regularly 
alternating PS and P4VP/SM stripes. This is indicated for the NOH blend by the light-
colored (protruding) dots within a darker (lower-lying) matrix in the AFM height image 
and by the dark (I2-stained P4VP) dots in a light-colored (unstained PS) matrix in the TEM 
image. The protrusion of the P4VP/NOH nodules by about 3 nm above the PS matrix can 
be ascribed to the greater shrinking of the initially THF-swelled PS compared to the much 
less swelled P4VP phase.10,31 For the NCOOH system, the lighter-colored (higher) stripes 
or ridges that alternate with darker-colored (lower) stripes or grooves (height difference ∼2 
nm) in the AFM images reflect the alternation of the P4VP/NCOOH and PS phases, 
respectively. In TEM, these are observed as dark (I2-stained), narrow P4VP/NCOOH 
stripes interspersed by light-colored (unstained) PS stripes. As will be shown below by 
cross-sectional TEM, the dots appear to be spherical micelles and the stripes in-plane 
cylinders. 
For both SM-containing films, the general patterns obtained in the dip-coated films 
are maintained after the MeOH wash due to anchoring by the vitreous PS matrix, except 
that, in the NOH film, the nodules are replaced by smaller-diameter pores (dark in the AFM 
image, light in the TEM image) and, in the NCOOH film, the originally higher 
P4VP/NCOOH stripes are transformed into narrow and somewhat discontinuous grooves 
(dark and light in the AFM and TEM images, respectively), leaving the PS phase as ridges. 
These pores and grooves (which are 13±2 and ∼10 nm in depth, respectively, and which 
therefore do not fully penetrate the films in accordance with the spherical and in-plane 
cylindrical morphologies) are a result, in part, of the washing out of the small molecule (as 
shown above by infrared spectroscopy) from a film whose integrity is preserved by the 
glassy PS matrix (insoluble in MeOH), leaving behind a shrunken P4VP phase and 
therefore P4VP-lined holes (pores and grooves). The gray-colored matrix in the TEM 
images of the films after rinsing is attributed to part of the P4VP having been washed up 
onto the film surface, as shown by Tokarev et al.8b for the HABA system using X-ray 
photoemission spectroscopy and by Laforgue et al.10a for the DHN system using water 
contact angle measurements. This partial relocation of P4VP to the surface, also termed 
surface reconstruction,32 contributes to the formation of the pores and grooves. In addition, 
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there is an ultrathin interfacial layer (also called "wetting" and sometimes "adaptive"8 layer) 
next to the substrate, as deduced by Tokarev et al.8b for the HABA system based on X-ray 
reflectometry data and by Laforgue et al.10 for the DHN system based on cyclic 
voltammetry data. The morphology observed is indifferent to the type of substrate used 
(here, silicon for AFM and carbon-coated mica for in-plane TEM), as also found previously 
and attributed to the adaptive behavior of the wetting layer.8,10a 
 
 
Figure 2.3. AFM height images and TEM micrographs of thin films of PS-P4VP(71.9-
30.2)/SM blends (1:1 SM:VP; SM=NOH, NCOOH) dip-coated from THF solution at a 
rate of 2 mm/min, before and after rinsing in MeOH. The scale bars represent 200 nm. 
The z-ranges for the AFM images are, from left to right, 0-12, 0-20, 0-11, and 0-20 
nm, respectively. 
 
Several other small molecules with OH and/or COOH groups were tested under the 
same dip-coating and solution conditions as above, but using the 41.5-17.5 copolymer. The 
three COOH-monofunctionalized SMs tested, benzoic acid, p-toluic acid and 1-naphthalene 
acetic acid, give the stripe morphology like NCOOH. It may be mentioned that Kuila et al. 
AFM
TEM
dip-coated MeOH-rinsed dip-coated MeOH-rinsed
PS-P4VP/NOH PS-P4VP/NCOOH
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found that the COOH-monofunctionalized molecule, 1-pyrenebutyric acid, also provokes a 
stripe morphology (considered to be side-on lamellae in this case) for a PS-P4VP (32.9-8.0) 
dip-coated from dioxane solution (1:1 SM:VP).33 On the other hand, ditopic 4-
hydroxybenzoic acid and 4’-hydroxy-4-biphenylcarboxylic acid, each with an OH and a 
COOH group at opposite ends of the molecule, as well as 3,5-dihydroxy-2-naphthoic acid, 
possessing one COOH and two OH groups, give the dot morphology (IR spectra given in 
Figure 2.SI-1 in the Supporting Information). Investigation involving these molecules was 
not pursued, to focus on NOH and NCOOH. 
 
2.4.3 Solution characterization by light scattering 
It is known that PS-P4VP BCs give micellar solutions in many solvents, including 
THF.34 To determine if the small molecule (NOH or NCOOH) modifies the micelle 
characteristics to thereby influence the film morphology, the hydrodynamic radii (Rh) and 
radii of gyration (Rg) were determined by dynamic and static light scattering (DLS and 
SLS), respectively, for the BCs, 78.9-30.3 and 41.5-17.5, in THF without and with SM 
present (1:1 SM:VP) (Table 2.2). Both techniques confirm that the solutions are micellar 
and show that the micellar size is identical within experimental uncertainty for a given 
copolymer whether or not the SM is present. The Rg/Rh ratio, from which the shape of the 
micelles can be inferred, indicates that they are spherical (Rg/Rh ≤ 0.775)34 in all cases. The 
significantly lower values of this ratio compared to that for hard spheres (0.775)34 indicates 
"soft" spherical micelles,35 which can be related to THF swelling. The fact that the addition 
of NOH or NCOOH to the solution influences neither the size nor shape of the micelles is 
consistent with THF being a competitive H-bond acceptor, and it can be concluded that the 
solution characteristics cannot account for the different morphologies in NOH and 
NCOOH-containing films. 
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Table 2.2. Hydrodynamic radii (Rh) and radii of gyration (Rg) of two PS-P4VP block 
copolymers in THF, with and without equimolar SM (NOH or NCOOH; SM:VP 1:1). 
 
 
78.9-30.3 41.5-17.5 
SM-free NOH NCOOH SM-free NOH NCOOH 
Rh (nm) 34.5 ± 0.3 34.8 ± 1.1 34.5 ± 0.5 27.1 ± 0.4 26.4 ± 0.4 26.2 ± 0.1 
Rg (nm) 25.4 ± 0.9 ND a 25.5 ± 1.0 19.2 ± 4.8 19.1 ± 4.2 19.6 ± 2.8 
Rg/Rh 0.736 ND a 0.735 0.708 0.723 0.748 
a ND: not determined 
 
2.4.4 Effect of dip-coating rate 
The initial investigations of the NOH- and NCOOH-containing systems were 
conducted using the 71.9-30.2 copolymer, which, when no longer available, was replaced 
by a copolymer with very similar molecular weight characteristics, namely 78.9-30.3. This 
initially led to a surprise, in that the NCOOH-containing 78.9-30.3 film dip-coated under 
exactly the same conditions as the NCOOH-containing 71.9-30.2 film led to the dot rather 
than the stripe morphology. It was then discovered that another important parameter 
affecting the morphology is the dip-coating rate, verified for four different copolymers 
(Table 2.1), all of very similar block fractions; namely, the two just mentioned and two 
others of approximately half the total molecular weight (31.9-13.2 and 41.5-17.5). The 
morphologies observed at different dip-coating rates for these polymers are summarized in 
Table 2.3, with selected AFM images for 71.9-30.2/NCOOH films shown in Figure 2.4. 
The data in Table 2.3 indicate that, when the stripe morphology is obtained, sufficient 
reduction of the dip-coating rate will yield the dot morphology. In contrast, no stripe 
morphology was found for the NOH system, investigated over a comparable range of dip-
coating rates with the two copolymers, 78.9-30.3 and 41.5-17.5 (but see below for the 
effect of solution concentration). It must be added that, at the highest dip-coating rates 
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used, the stripe morphology in NCOOH-containing films is accompanied by regions of 
featureless morphology and NOH-containing films become entirely featureless (see below). 
The dip-coating rate at which the dot–stripe transition for the NCOOH-containing 
systems occurs is approximately the same for three of the four BCs investigated, namely 
about 1.5 mm/min (this rate was not investigated for 31.9-13.2, but, in this case, a mixture 
of stripes and dots are observed for 1.0 mm/min). Only the 78.9-30.3 BC reproducibly 
shows the transition at a much higher dip-coating rate (4–5 mm/min). Given the similarity 
of the total molecular weight and relative block content of all four BCs, it does not seem 
plausible to attribute the different transition rate for 78.9-30.3 to either of these parameters 
(besides, a 32.9-8.0 BC with 19.6 wt % VP content also showed a transition rate of 1.5 
mm/min); perhaps it is related instead to its higher polydispersity or some other undetected 
particularity of this polymer. 
 
Table 2.3. Film morphologies (morph) and lateral periodicities (period) of dip-coated 
films of PS-P4VP/SM (SM=NCOOH, NOH) obtained from 0.5 wt % THF solutions 
(1:1 SM:VP) at the dip-coating rates indicated.a 
 
31.9-13.2 41.5-17.5 71.9-30.2 78.9-30.3 
NCOOH NCOOH NOH NCOOH NCOOH NOH 
dip-coating rate 
(mm/min) 
morph morph period 
(nm) 
morph period 
(nm) 
morph morph 
 
period 
(nm) 
morph period 
(nm) 
0.1 d          
0.5 d     d     
1 d/s d 57L/53H d 52L/48H d d 66L/60H d 50 
1.5  d/s 64/59 d 49 d/s d 67   
2 s s 57 d 51 s d 71 d 56 
3 s s 55 d 52 s d 74 d 61 
4 s s 54 b  s d/s 74/71 d 66 
4.5       s(+d) 67s   
5 s s 56 b  s s(+d) 66s d 70 
6       s  d 71 
7       s  d 74 
8       s  d 75 
aKey: d = dots; s = stripes; L: lower terrace (T1), H: higher terrace (T2); always T1 for 1.5 
mm/min and higher. b Featureless (see text for details). 
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Figure 2.4. AFM height images of thin films of PS-P4VP(71.9-30.2)/ NCOOH (1:1 
NCOOH:VP) dip-coated from THF solution at the dip-coating rates indicated. 
 
2.4.5 Effect of SM:VP molar ratio 
The film morphology was found to be influenced by the SM:VP molar ratio in 
solution for NCOOH-containing films, but not for NOH-containing films in the range and 
conditions investigated. For the 78.9-30.3 copolymer, an increase in the solution 
NCOOH:VP molar ratio from 1:1 to 2:1 at a dip-coating rate of 2 mm/min changes the 
morphology from dot to stripe (at a molar ratio of 3:1, the morphology appears poorly 
defined), as opposed to only the dot morphology for the NOH system for the 1:1 to 3:1 
molar ratios. Furthermore, when the dip-coating rate for the 2:1 molar ratio NCOOH 
system is reduced to 1 mm/min, the stripe morphology reverts back to the dot morphology, 
consistent with the observation above concerning the influence of dip-coating rate on the 
stripe morphology. The effect of the solution NCOOH:VP molar ratio will be analyzed in 
detail elsewhere, in conjunction with the infrared determination of this ratio in dip-coated 
films.30 
 
0.5 mm/min
2 x 2 µm²
1 mm/min
2 x 2 µm²
1.5 mm/min
2 x 2 µm²
3 mm/min
3 x 3 µm²
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Table 2.4. Film morphology of PS-P4VP/SM block copolymers dip-coated from THF 
solutions (SM:VP 1:1) of various concentrations and dip-coating rates (mm/min).a 
 PS-P4VP concentration (wt %) 
 70.9-30.2 78.9-30.3 41.5-17.5 
SM (rate) 0.25 0.5 1.0 0.25 0.5 1.0 0.5 1.0 
NOH (2)  d   d  d d 
NOH (5)     d  d s 
NCOOH (2) d s d d d d s  
NCOOH (3)  d  d d s s  
aKey: d = dot; s = stripe. 
 
2.4.6 Effect of solution concentration 
As shown in Table 2.4, another parameter that influences the film morphology is the 
solution concentration, which yields thicker films for a given dip-coating rate.22 First, it was 
found that lowering the concentration of the 70.9-30.2/NCOOH system in THF to 0.25 wt 
%, using the usual dip-coating rate of 2 mm/min, changes the stripe morphology to dot, 
while the morphology remains in the form of stripes for 1.0 wt % concentration. 
Conversely, for the 78.9-30.2/NCOOH system, the dot morphology is still obtained for a 
solution concentration of 1.0 wt % using the dip-coating rate of 2 mm/min; however, at 3 
mm/min, this concentration produces the stripe morphology. In other words, higher 
solution concentrations favor the stripe morphology. With this in mind, an NOH system 
was also investigated at a higher solution concentration, notably 1 wt % with the 41.5-17.5 
BC, and it was finally discovered that the stripe morphology is also possible with NOH 
(Table 2.4). Specifically, whereas the dot morphology was produced from this 
concentration using dip-coating rates of up to 4 mm/min, the stripe morphology was 
obtained using 5 mm/min. Furthermore, the 31.9-13.2/NOH system produces the stripe 
morphology for both 0.5 and 1 wt % concentrations using the 2 mm/min dip-coating rate. 
A dependence of morphology on the concentration of the dip-coating solution was 
previously observed by Krausch and coll. for PS-P2VP films dip-coated from a micellar 
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toluene solution.23 They found that an increase in concentration transforms the morphology 
from large isolated circular micelles (dots) to smaller, hexagonally packed dots, and then to 
stripes (wormlike micelles, ribbons). At still higher concentration, the morphology reverts 
back to (disordered) dots, correlated with the development of a second layer of circular 
micelles on top of the first layer (resulting in a non-flat film surface). The transition from 
circular to wormlike micellar morphology as a function of solution concentration was 
observed for both symmetric and asymmetric BCs.23a 
 
2.4.7 Film thickness 
It is known that, in general, the rate of dip-coating from polymer solutions 
influences the polymer film thickness,22,36 and, for block copolymers, the film thickness 
influences the film morphology.1 As will be shown in the next section, the films 
investigated here are generally not uniform in thickness, although this does not affect the 
morphology observed in a given film. Nevertheless, an average thickness can be estimated, 
as determined from large-scale AFM images (typically 30x30 µm), that gives an idea of the 
relative amount of material deposited on the substrate. These values are plotted in Figure 
2.5 for the various systems studied.37 In all cases, including for both the NOH and the 
NCOOH systems, the average thickness for a given dip-coating rate is similar, and it 
decreases with increasing dip-coating rate, tending towards a constant in the higher range of 
dip-coating rates used. It is noteworthy that, although the stripe morphology is observed 
only in the thinner films, there appears to be no particular critical film thickness where the 
dot-stripe transition occurs (the filled and open symbols in Figure 2.5 representing the two 
morphologies, respectively); that is, some films displaying the dot morphology are thinner 
than others displaying the stripe morphology and vice versa. This means that film thickness 
by itself does not govern the film morphology obtained. It also suggests that there is no 
significant difference in viscosity between NOH- and NCOOH-containing solutions, since 
viscosity differences should result in different film thicknesses. 
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Figure 2.5. Average film thickness as a function of dip-coating rate for films obtained 
from THF solutions of 0.5 wt % of various PS-P4VP block copolymers with SM 
(NOH or NCOOH; SM:VP 1:1). The morphologies of the films are indicated by closed 
symbols for dots, open symbols for stripes, and half-closed symbols for mixed dots and 
stripes. 
 
The decrease in film thickness with increasing dip-coating rate is contrary to what is 
usually observed for dip-coated films.22,36 However, Grosso and coll.,22 who investigated 
sol-gel films dip-coated over a wide range of dip-coating rates, showed that the film 
thickness does indeed decrease with dip-coating rate for very low rates, reaches a 
minimum, and then rises with dip-coating rate. The first regime, which they term the 
"capillarity regime", is governed by capillary rise and solvent evaporation, and has only 
rarely been investigated up to now. The regime following the minimum, termed the 
"draining regime", covers the dip-coating rates most often used; it is governed by gravity-
induced viscous drag, first modeled long ago by Landau and Levich for Newtonian 
fluids.22,38 Assuming the general applicability of this V-shaped dependence, the films of the 
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present study have clearly been dip-coated in the capillarity regime, attaining the minimum 
thickness at the highest rates used. This minimum thickness is obtained at dip-coating rates 
(ca. 6-8 mm/min) that are in the range observed for the minimum in the sol-gel films 
investigated by Grosso and coll. (between 0.1 and 1 mm/s).22 In our NOH-containing films, 
this thickness, as will be shown below, corresponds essentially to an adsorbed monolayer or 
the brush regime of the BC where no in-plane phase-separated morphology is observed. 
In contrast to our dip-coating conditions, the PS-P2VP films of Krausch and coll. 
mentioned above were dip-coated on the opposite side of the minimum; that is, in the 
draining regime (mm/s compared to our mm/min).23d Their observation that the film 
thickness increases with dip-coating rate is consistent with this. Furthermore, they describe 
a regime, reached by decreasing the dip-coating rate sufficiently, where no micelles (dots) 
are formed.23d The rates involved, which depend on the solution concentration, are 
comparable to those giving the brush regime in our films. Evidently, the same minimum 
thickness giving the brush monolayer film has been reached in both ours and the Krausch 
systems, but arriving from opposite sides of the minimum in the V-shaped curve. The 
combined observations for ours and the Krausch systems also support the generality of the 
relationship described by Grosso and coll. The films studied by Stamm and coll. were 
likewise dip-coated in the draining regime extending from the minimum (0.1 to 1.0 mm/s), 
although, to our knowledge, the effect of dip-coating rate was not specifically investigated.8 
In the light of these insights, investigations at higher dip-coating rates are underway in our 
laboratory to compare how the morphologies evolve from the capillarity regime across the 
minimum into the draining regime. 
 
2.4.8 Terracing/dewetting phenomena 
The dip-coated films of the present study are, in reality, subject to a form of 
terracing, examined in detail using the 41.5-17.5 BC. The thickness variations are 
illustrated by the representative optical microscopy (OM) images in Figure 2.6, where the 
lighter the color, the thinner the film. For a dip-coating rate of 1 mm/min, three levels of 
thickness can be clearly distinguished for both the NOH and NCOOH systems: the thinnest 
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parts are found in the central portion of relatively large blobs or cells (between which are 
smaller blobs), and a thicker region in the outer portions. The blobs are outlined by still 
thicker areas in the form of ridges, sometimes only partially (see Figure 2.7 for the 
NCOOH system), which may be related to ambient temperature differences during dip-
coating that modify film thickness in the capillarity regime.22 AFM topographic images of 
the various regions show that all of them are characterized by the nodular morphology for 
both NCOOH-containing (Figure 2.7) and NOH-containing (Figure 2.SI-2) films. From 
scratches on large-scale AFM images allowing the thicknesses of the different regions to be 
determined, and in conjunction with cross-sectional TEM images (see below), they might 
be identified (in order of increasing thickness) as monolayers and bilayers of spheres, with 
the ridges corresponding to a much smaller fraction of trilayers. Although these layers are 
less well defined in thickness compared to terraces in solvent-annealed films, we will refer 
to them for convenience as T1, T2 and T3, respectively. The T1 regions are topographically 
relatively smooth on the micrometer scale, whereas the T2 regions tend to show greater 
roughness, especially for the NCOOH system as shown in Figure 2.7 (see Figure 2.SI-2 for 
the NOH system). 
 
 
Figure 2.6. Optical micrographs of thin films of equimolar PS-P4VP(41.5-17.5)/SM 
(SM=NOH, NCOOH) at the dip-coating rates indicated. Scale bars: 25 µm. 
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Figure 2.7. Optical microscopy (a) and AFM images (b, d-f) of an equimolar PS-
P4VP(41.5-17.5)/NCOOH film dip-coated at a rate of 1 mm/min. Images e (height) 
and f (phase) are of the same spot. The height profiles in (c) follow the lines indicated 
in (b). 
 
Increasing the dip-coating rate to 1.5 mm/min reduces the observed thickness levels 
observed in OM to two, with T1 dominating, especially in the NCOOH-containing films 
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where T2 remains only in the form of ridges (partially) outlining the T1 blobs. By AFM, 
dots are observed all over the NOH-containing films, again with greater height variation in 
the T2 regions between the blobs (see Figure 2.SI-3). For NCOOH-containing films, for 
which 1.5 mm/min is the morphological transition rate, both the T1 regions and the T2 
ridges are characterized by a mixture of dots and short stripes (to varying proportions in 
different places), as shown by the AFM images in Figures 2.8 and SI-2.3. The stripes 
(typically in small groups) are generally higher than the dots by about 5 nm, giving rise to 
irregular lateral undulation in T1 on the order of 0.5 µm (Figure 2.8). 
 
 
Figure 2.8. AFM height image of an equimolar PS-P4VP(41.5-17.5)/NCOOH film 
dip-coated at a rate of 1.5 mm/min. The height profile along the white line illustrates 
the significantly greater height of the stripes compared to the dots. 
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At a dip-coating rate of 2 mm/min, the NCOOH system, which now shows only 
long, continuous stripes by AFM (Figure 2.SI-4), has relatively uniform film thickness 
corresponding to essentially pure T1. This dip-coating rate is consistently found to be the 
optimum rate (in the range investigated and for the composition studied) for obtaining films 
of uniform thickness. Increasing the dip-coating rate to 3, 4 and 5 mm/min leads to 
dewetting of the T1 layer, where the light color in Figure 2.6 is featureless in AFM and has 
a thickness of ca. 5 nm. The gray-colored regions by AFM show a mixed morphology 
where relatively narrow bands characterized by stripes (T1) alternate with broader 
featureless regions (Figure 2.SI-5) whose thickness ranges from ca. 10 nm for 3 mm/min to 
ca. 5 nm for 5 mm/min. The featureless regions must correspond to T0, an adsorbed brush 
layer of polymer with P4VP/NCOOH functioning as the wetting layer on the polar 
substrate and PS lying on top due to its lower interfacial energy with air23a,39 (see also the 
cross-sectional TEM results below). The fraction of the featureless regions coexisting with 
the stripe-patterned bands increases with dip-coating rate from 3 to 5 mm/min.  
NOH-containing films dip-coated at 2 mm/min still show a small fraction of T2 
regions in the OM images, whilst T1 predominates, and both regions continue to display 
the dot morphology in AFM (Figure 2.SI-4). These films reach their greatest uniformity in 
thickness for dip-coating rates of 3 to 5 mm/min. At 3 mm/min, the dot heights are much 
reduced so that this morphology is poorly visible in AFM (but rinsing with MeOH reveals 
pores; see Figure 2.SI-5), and not at all for 4 and 5 mm/min. The latter two films thus 
appear to be made up of a PS-covered P4VP/NOH brush layer, whereas the former appears 
to be on the verge of forming nodules (as if P4VP/NOH is in slight excess to what is 
needed for wetting). The thickness of the NOH-containing brush layer is 11±2 nm, in 
comparison with 6±2 nm for the NCOOH-containing brush layer, for films dip-coated at 4 
and 5 mm/min. (It may be added that a very small fraction of thinner dewetted regions, ca. 
2-3 nm in thickness, also appear here and there for PS-P4VP/NOH, fewer and thinner than 
for PS-P4VP/NCOOH at these dip-coating rates.) Step heights between terraces are more 
difficult to evaluate, due to the undulation within the T2 (and T3) layers, to the morphology 
change in the NCOOH system, and, probably, to nonequilibrium or kinetic aspects of the 
dewetting. However, we estimate the step heights to be about 20-25 nm. 
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The OM and AFM results combined show that BC ordering on a shorter length 
scale and terracing phenomena on a longer length scale both occur in the films studied. This 
takes place in a dip-coating regime that is dominated by capillary feeding of the depositing 
polymer solution as solvent evaporates; that is, capillary rise allows the solution to feed the 
upper part of the meniscus that forms on the substrate in contact with the solution as long as 
the motion of the drying line is slower than solvent evaporation.22 As the dip-coating rate 
increases, capillary feeding decreases in importance, resulting in less and less deposited 
material, thus accounting for increasingly thin films. According to Meiners et al., the brush 
(wetting) layer is adsorbed onto the substrate in the solution before withdrawal of the 
substrate, with the additional material deposited during the withdrawal.23d This can explain 
why the minimum film thickness corresponds to this layer, and it implies that no additional 
material is adsorbed onto the substrate during withdrawal in this range. For conditions 
where additional layers (T1, T2, T3) are formed, they always show the same morphology in 
a given film, suggesting that it develops independently from the terracing phenomena. 
The terracing observed can be related to dewetting phenomena, which are very 
complex and under intense study currently.40 Perhaps the closest analogue to the present 
BC films, given the micellar nature of the dip-coating solutions, are colloidal suspensions, 
for which dewetting has received significant attention.40,41 Particularly relevant is the work 
of Thiele and coll.,41 who showed that drop-cast films of colloidal suspensions typically 
undergo two steps of dewetting, the first in the form of a macroscopic front that is initially 
relatively fast and leaves behind a "postcursor" film. This is followed by mesoscopic 
dewetting of the "postcursor" film, which can result in various types of dewetting patterns 
involving evaporative and/or convective diffusion. Among the different patterns observed 
are polygonal structures of the type shown in Figure 2.6 for the slower dip-coating rates. 
These were successfully modeled by a kinetic Monte Carlo approach evolving from a 
nucleation and growth process of dewetting where the particles play a passive role (i.e., do 
not influence the dewetting patterns).41a Although the model considers only hard particles 
in a single layer, it seems reasonable that it applies qualitatively to the softer micelles of our 
solutions and for more than one layer. Thus, the micelles in the most slowly dip-coated 
films are effectively unperturbed relative to their solution state (i.e., dot morphologies only 
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are obtained for both NOH- and NCOOH-containing films; see also the cross-sectional 
TEM results in the following section), and seem to behave passively with respect to the 
dewetting (the stripe morphology appears to be another matter, and possible reasons for its 
formation are discussed below). It is also reasonable to hypothesize, in this context, that the 
dewetting that leads to the patterns observed in OM, which are isotropic (i.e., show no 
orientation with respect to the substrate/solution interface), occurs more slowly than the 
withdrawal rate and thus takes place in a (presumably solvent-loaded) film no longer in 
contact with the solution, which can therefore be viewed as analogous to the "postcursor" 
film of ref. 41. 
In addition, it is noteworthy that the highest regions in the dewetted/terraced films 
are in the form of rims around the blobs, and close inspection of the three-level (T1, T2, 
T3) images indicates that a rim also surrounds the T1 level (see Figures 2.7 and SI-2.2). 
This is reminiscent of the "coffee ring" effect,42 and has been modeled in ref. 41a using 
mesoscale thin film hydrodynamics in relation to the self-pinning and depinning of 
increasingly concentrated contact (dewetting front) lines. The self-pinning occurs as the 
capillary rim carrying the dewetted liquid becomes sufficiently concentrated to approach 
random close packing, where the viscosity diverges.41a In this context, the 
terracing/dewetting of the material deposited during substrate retraction from solution onto 
the brush layer in the films shown in Figure 2.6 can be visualized as follows. Upon hole 
nucleation, a dewetting front in the form of a capillary rim41a moves outwards carrying 
dewetted liquid that has not yet evaporated. The concentration of particles increases as the 
dewetting front moves to the outside leading to thicker film. Eventually, self-pinning of the 
dewetting liquid can occur to create a secondary layer. Expansion stops when the rim 
encounters another rim or when the film becomes too viscous. From this point of view, T0, 
T1, T2 (and eventually higher levels) might be viewed as resulting from self-pinning effects 
that occur during dewetting. The relative area percentage of the different levels is related to 
the amount of material adsorbed onto the substrate, which, in turn, depends on the 
withdrawal rate. 
 
 
 
 
65
2.4.9 Cross-sectional TEM 
To access the out-of-plane structure of the thin films, particularly of PS-
P4VP/NCOOH for dip-coating rates around the morphology transition, epoxy-embedded 
films were microtomed across their thickness (giving slices of about 70-80 nm thick) and 
stained with I2 for TEM analysis. Representative TEM micrographs obtained at dip-coating 
rates of 2.0, 1.5 and 1.0 mm/min are shown in Figure 2.9. They capture segments of 
different film thicknesses resulting from the terracing phenomena, particularly 
corresponding to T0, T1, and T2.  
A common feature in all of the images is a thin continuous dark line on the substrate 
side of the film (paler but still visible for the 1.5 mm/min film), which can be identified 
with stained P4VP (presumably containing NCOOH) that wets the substrate. In many 
cases, a thin unstained layer, which must be PS, separates the P4VP/NCOOH wetting layer 
from stained (i.e. P4VP-containing) objects lying above it. When not visible, it may be due 
to ultramicrotoming slightly off the perpendicular, which can give the illusion that some 
non-wetting stained objects are touching the wetting layer, or there may actually be 
interconnections with the wetting layer. 
In examining the particularities of the images for different dip-coating rates, we will 
begin with the thinnest film, notably the one obtained at 2 mm/min, for which the images 
will be referred to as slices a, b, and c. In the central part of slice a, the only stained region 
is the wetting layer; thus this section must correspond to the T0 brush monolayer, 
visualized also by van Zoelen et al.13a for a PDP-containing PS-P4VP film. Here, the 
P4VP/NCOOH wetting layer is simply covered by the (unstained) PS layer, thus forming a 
lamella parallel to the substrate. The two end parts of slice a show, above the monolayer, a 
single row of isolated stained objects (P4VP/NCOOH) separated from one another by PS, 
indicating that these parts correspond to T1 segments. T1 segments are also observed along 
the entire length of slices b and c, with a single row of isolated objects observed over more 
than half the length in each case. Since AFM indicates a stripe morphology for these films, 
the isolated objects must be sliced pieces of P4VP/NCOOH stripes lying across the slice. 
Part of a stripe lying parallel to the slice is apparent in slice b (top left end) and short 
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sections of stripes lying at an angle can be perceived in the center of slice c. These stripes 
can be identified as cylinders lying parallel to the film plane. In some cases, especially in 
slices b (bottom right half) and c, the cylinders appear to be depressions and seem to be 
connected by a thin P4VP layer at the film surface. This might be related to exposure of the 
film surface to the HF water used to float it, which has a similar effect as MeOH exposure; 
i.e. washing up of P4VP to the film surface (possibly accompanied by loss of NCOOH) 
leaving P4VP-lined depressions or grooves.10a,43,44 
 
 
Figure 2.9. TEM micrographs of cross-sectional slices of I2-stained 41.5-17.5 PS-
P4VP/NCOOH thin films dip-coated at 2 (a, b, c), 1.5 (d, e, f) and 1 (g, h, i) mm/min, 
where the P4VP/NCOOH phase appears dark. The substrate (S) and air (A) sides of the 
slices are assigned based on the appearance of the wetting layer (see text). Scale bars: 
100 nm. 
 
a b c
d e f
g h i
T0
T1
T1
T1
T2
S
A
S
S
S SS
SSS
A
A AA
A A A
A
 
 
 
67
Slices d, e and f correspond to cross-sectional slices of a film dip-coated at 1.5 
mm/min, for which AFM shows coexisting dots and stripes. Slices d and e are composed of 
a T1 segment only and slice f of a T2 segment only. An in-plane cylinder section lying 
parallel to the slice runs along more than half of slice d. The quasi-circular objects in the 
other section of slice d (observed in slice e as well) could be spheres or sliced pieces of in-
plane cylinders lying across the film slice. The central part of slice e appears to show a 
segment of an in-plane cylinder parallel to the slice, with a part that seems to be superposed 
by dots. This could be interpreted as a line of spheres in front of or behind a cylinder 
(relative to the slice), given that the microtomed slices are about twice as thick as the dot 
diameters or stripe thicknesses. But they may also be indicative of an intermediate state 
between spheres and a cylinder, where one form is transforming into the other via an 
undulated cylinder (as described, for example, in refs. 8e and 45). Slice f of a T2 terrace 
shows two rows of quasi-circular objects lying displaced one relative to the other (in close-
packed fashion). It is tempting to identify these objects with spheres, in which case the 
microtoming happened to take place almost perfectly along a lattice line; however, a series 
of horizontal cylinders (relative to the film plane) that lie across the slice cannot be ruled 
out. The bottom right part of slice f shows what appears to be a T2 cylinder segment lying 
horizontal to the film plane. For this film, there is no evidence of washing out of P4VP by 
HF water (i.e. there are no visible depressions on the film surface), possibly because the 
film was floated without its surface being exposed to the water (as should happen ideally, 
but is not necessarily the case in practice) or perhaps its surface is better protected by a 
thicker layer of PS, although there is a faint line of a stained overlayer indicative of a slight 
amount of P4VP on the film surface. (The much more weakly stained wetting and 
overlayers in this sample compared to the those dip-coated at 1 and 2 mm/min might be due 
to it having been exposed to I2 vapor in a separate experiment from the other two albeit for 
the same length of time.) 
Regarding the film dip-coated at 1 mm/min, for which only the dot morphology is 
observed by AFM, images of a T1 segment (slice g), a T2 segment (slice i), and segments 
of both terraces together (slice h), all from different places of the same microtomed slice, 
were captured. The single row of isolated quasi-circular objects above the wetting layer in 
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slice g and the upper left part of slice h must be identified as spheres (i.e. cannot be in-plane 
cylinders perpendicular to the cross-section), given the AFM observations. The T2 
segments are basically composed of two layers of quasi-circular objects, displaced one 
from the other as in slice f, but appearing less well defined, less ordered and less isolated 
than in slice f. This might be caused, at least in part, to the microtoming having taken place 
at an angle to a lattice line of the spheres, therefore including parts of spheres from one or 
both neighboring lines within the slice thickness (i.e. perpendicular to the plane of the 
image). This can result in a form of doubling or even tripling of dots giving the illusion of 
closely spaced dots (as near the center of slice h) as well as some interconnectedness (as in 
slide i). It is thus not possible to ascertain with certainty from these images that the T2 
segments here are composed of isolated spheres with no interconnections within the film. 
On the other hand, there is no evidence of vertically interconnected spheres or vertical 
cylinder morphology (relative to the film plane) in any of the images. At most, possibly 
budding interconnections (if not an illusion) occur at an angle to the vertical that 
corresponds to two vertically displaced rows of spheres, and forming a kind of zig-zag 
pattern (slice i). Likewise, none of the images of the 1 mm/min film show any evidence of 
horizontal cylinders in the lower layer of T2 terraces (which, in principle, might have been 
a possibility, since AFM shows only the surface). Finally, it is noteworthy that the 
transition between the T1 and T2 segments in slice h appears to occur progressively over a 
range of several dots (approximately 100-150 nm), and not as an abrupt thickness change. 
 
2.4.10 Lateral periodicities 
Table 2.3 includes a comparison of the lateral periodicities (spacings) measured 
from AFM images of films that were dip-coated from both NOH- and NCOOH-containing 
solutions (equimolar SM:VP) at various rates. It can be observed, first of all, that the largest 
periodicities measured for the 41.5-17.5 and 78.9-30.3 systems are very similar to the 
hydrodynamic diameters (i.e. twice Rh) obtained from the light-scattering data for these 
systems. A similar observation correlating micellar size in solution and in dried dip-coated 
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films was made by Meiners et al. for PS-P2VP, and taken to indicate that entire micelles 
are adsorbed onto the surface during the film-forming process.23d 
Several trends in the periodicities can be pointed out. For the dot morphology, the 
periodicities tend to increase with dip-coating rate, or, in other words, with decrease in 
average film thickness (the small differences between the fewer points available for the 
stripe morphology do not allow detection of a clear trend). This correlates well with the 
(much weaker) tendency observed by Knoll et al. within a given terrace for in-plane 
cylinder-forming films of triblock copolymers (spin-coated and annealed in CHCl3).46 In 
fact, they found that the periodicity displays a saw-tooth pattern as a function of film 
thickness, where the decreasing periodicity value with increase in thickness in a given 
terrace jumps to the higher periodicity value whenever an additional terrace is formed. 
Lambooy et al. also observed a saw-tooth pattern in the periodicity as a function of film 
thickness (centered around the equilibrium periodicity) for a confined multilayer lamellar 
diblock copolymer.47 Here, the periodicity in a film of n layer increases with film thickness, 
and then jumps to the lowest periodicity at the transition to n+1 layers.  
In our case, for two different terraces in a dot-patterned film, the periodicity of the 
lower terrace is greater than that in the higher terrace. Furthermore, around a dot-stripe 
morphology transition, the stripe periodicity is lower than the dot periodicity. This can be 
correlated with the observation made above that, for coexisting stripes and dots (Figure 
2.8), the stripes are always higher than the dots. Finally, it is observed that, for a given 
copolymer dip-coated under the same conditions, the periodicity in the NOH-containing 
films is always significantly lower than that in the NCOOH-containing films, both for 
stripes vs. dots and for dots vs. dots. It is difficult to rationalize all of these trends at this 
time, since the forces involved in the film-forming process (capillary feeding, solvent 
evaporation, dewetting, etc.) are complex. However, it is noteworthy that, in the 78.9-30.3 
system, the periodicity of the dot morphology of the NOH-containing films at the highest 
dip-coating rate used is close to that of the NCOOH-containing system just before the 
transition to the stripe morphology (the trend seems similar in the 41.5-17.5 system albeit 
less clear due to the fewer data points available). Since greater distances may be related to 
increased chain extension (assuming that the nodules are indeed adsorbed micelles from 
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solution, and therefore unchanged in average diameter from that in solution except for some 
degree of shrinkage following solvent evaporation), this suggests that the transition from 
dots to stripes occurs when the maximum chain extension relative to other equilibrating 
forces is reached. This can also explain, at least in part, the sudden decrease in the spacing, 
to relieve the stretching forces, in transitioning from dots to stripes. 
 
2.4.11 Dot vs. stripe morphology 
It is noteworthy that the stripe morphology is observed only in the thinner, more 
rapidly dip-coated films, never in the thicker, more slowly dip-coated films (for the 
compositional and experimental conditions investigated). It is also more favored in films 
with NCOOH than in films with NOH, as well as when using higher solution 
concentrations or higher SM:VP ratios. The dot morphology (which TEM indicates are 
essentially spheres and not vertical cylinders) most likely results from the deposition of the 
spherical micelles found in solution and that are frozen in by relatively rapid solvent 
evaporation, whereas the stripe morphology (which TEM indicates are in-plane cylinders 
and not side-on lamellae) involves a perturbation of the micelles leading to morphological 
rearrangement. Given the complexity of the dip-coating process and subsequent dewetting, 
we can only speculate about the reasons for the transition to the stripe morphology, 
touching briefly on several considerations.  
One consideration is the respective swelling of the P4VP and PS phases by the SM 
and solvent (THF) in the concentrated film deposited on the substrate, and how this might 
evolve as solvent continues to evaporate. In the drying film, THF swells the PS phase much 
more than the P4VP phase, which is the reason for the film topography of the lower-lying 
PS matrix compared to P4VP/SM protrusions, as explained earlier. The SM is expected to 
be concentrated in the P4VP phase due to H-bond attraction. However, in the dip-coating 
solution itself, there is no significant swelling of the P4VP micelle cores by the SM, as 
indicated by the LS results, implying that the SM is mainly freely dissolved in the THF, 
and only H-bonds with P4VP as THF evaporates from the deposited film. In the process, 
some of the SM in the film may be located in the PS phase, possibly to differing extents for 
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NOH and NCOOH. Indeed, DSC measurements of films of PS that were solution-blended 
with the SMs indicate some miscibility of both SMs in PS, but more for NOH than for 
NCOOH.48 Furthermore, because NCOOH H-bonds more strongly than NOH to P4VP, it 
may experience greater selectivity than NOH for the P4VP phase. Both effects can have the 
result that, for the same total amount of SM in the two types of films, the P4VP core is 
swelled more by NCOOH than by NOH. With the additional finding that the SM:VP ratio 
in the film is less than that in solution at very slow dip-coating rates, that it increases with 
dip-coating rate, and that it is the same for both SMs when dip-coated in identical 
conditions,30 it is reasonable to postulate the following. First, the increasing SM:VP ratio 
shifts the relative phase fractions such that the spherical morphology in the (probably 
solvent-laden) deposited film shifts to cylindrical morphology, thus accounting for its 
appearance in the thinner films where the SM:VP ratio is highest. Second, if the 
sequestering of the SM in the P4VP phase is greater for NCOOH than for NOH, then it is 
reasonable that this phase transition is more favored in NCOOH-containing films (for the 
same total amount of SM), as observed. This is further supported by the fact that a higher 
SM:VP solution ratio favors the stripe morphology.  
A different aspect to consider relates to a previous observation that PS-P4VP 
micellar solutions are subject to deaggregation by shear (such as in standard viscometry 
tubes), although with quick recovery upon cessation of shear.34 This indicates that the 
micelles can be perturbed relatively easily. In the thinnest films, shear forces between the 
flowing solution and solid substrate may exert an effect on the morphology. Conceivably, 
the stronger NCOOH-VP H-bond compared to the NOH-VP H-bond makes NCOOH-
containing films more sensitive to shear forces than NOH-containing films. The possible 
contribution of shear effects can rationalize the observations that higher SM:VP ratio and 
higher solution concentration favor stripes, in that greater shear effects can be attributed to 
greater H-bonding strength and to increased solution viscosity, respectively. Furthermore, 
shear forces can be a source of increased chain stretching between the micelles, which, 
when exceeding what can be tolerated, may provoke the morphology change to stripes. 
A third aspect to consider is the size of the micelles in solution compared to the 
solvent-laden film thickness. For example, if the depositing film (meniscus) becomes too 
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thin compared to the micelle size, the latter may tend to accumulate at the solution/substrate 
interface, which may provoke fusion into cylinders. This could constitute another possible 
reason that NCOOH and higher SM:VP ratios, if they lead to larger P4VP/NCOOH micelle 
cores in concentrated solution, favor stripes. An effect of this type was observed by Ghosh 
et al. for hard particles, which deposit in the form of bands parallel to the substrate/solution 
interface.49 In our case, the much softer cylinders, possibly coupled with capillary feeding 
causing convection, may result in meandering, i.e. non-directional, stripes.  
Clearly, more investigations must be forthcoming to understand more fully the 
phenomena, particularly morphology evolution, in dip-coated supramolecular block 
copolymer films. Besides the effects of film thickness1 (determined here by dip-coating 
rate), of SM content in the films (also determined by dip-coating rate30) and SM 
distribution between block domains, and perhaps of shear forces or pinning effects, as 
discussed above, other effects such as the type of solvent, solvent evaporation rate (which 
also varies with film thickness50) and interrelationships between different effects must be 
taken into account. 
 
2.5 Conclusions 
The results described above show that the use of NCOOH versus NOH, which differ 
only by the functional hydrogen-bonding substituent, to exert a supramolecular control over 
dip-coated thin film morphology can indeed provide drastically different morphologies. 
With NCOOH, stripe morphologies were obtained in a relatively large range of 
experimental and compositional conditions, whereas with NOH, the dot morphology was 
obtained in almost all of the same conditions, including for identical film thicknesses. In 
searching for the underlying cause(s) of the differences observed, a number of findings 
were made. Compared to the dot morphology, the stripe morphology is favored not only by 
NCOOH, but also by higher solution concentrations, dip-coating rates, and SM:VP ratios. 
Light scattering indicates that the solutions are composed of spherical micelles, which are 
of similar size whether containing PS-P4VP alone or mixed with either SM (equimolar 
SM:VP), and infrared analysis indicates that the films contain the same total amount of SM 
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for identical dip-coating conditions, thus eliminating that these characteristics can account 
for the different morphologies. Cross-sectional TEM showed that the dot morphology is 
essentially composed of micelles, indicating that the solution micelles are deposited on the 
substrate without morphological rearrangement, whereas the stripes are in-plane cylinders. 
Importantly, it was found that the average film thickness (or amount of material 
deposited) decreases with increase in dip-coating rate to a minimum thickness that 
corresponds essentially to where a brush layer of the block copolymer is adsorbed to the 
substrate. This puts the dip-coating conditions, involving very slow dip-coating rates, in the 
recently described "capillarity regime", seldom explored in general and never in 
conjunction with an evolution in block copolymer morphology. The real film thicknesses 
are variable due to dewetting phenomena resulting in terraces. Possible reasons for the 
stripe morphology are discussed in terms of SM content and degree of P4VP selectivity in 
the films and in terms of possibly greater shear forces or accumulation effects in very thin 
NCOOH-compared to NOH-containing films, all of which can be influenced by the 
hydrogen bond strength with P4VP, which is greater for NCOOH than for NOH. 
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2.8 Supporting information 
 
Figure 2.SI-1. Infrared spectra of the functional small molecules shown (powder form) 
and of their equimolar blends with PS-P4VP(41.5-17.5) (THF solution-cast films). H-
bonding with P4VP involves both the COOH moiety, as evidenced by the bands at 
2500 and 1950 cm-1, and the OH moiety, as indicated by a band at ca. 3200 cm-1 not 
found in either component alone and related to H-bonded phenol (Cesteros, L. C.; 
Isasi, J. R.; Katime, I. Macromolecules 1993, 26, 7256-7262. Bazuin, C. G.; Brodin, C. 
Macromolecules 2004, 37, 9366-9372). 
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Note: An attempt to make a film with 2,6-naphthalenedicarboxylic acid did not succeed 
because of its lack of solubility in THF. This can be compared to the good solubility in 1,4-
dioxane of ortho-HABA where the OH and COOH functions are in the ortho position [2-(4-
hydroxybenzeneazo)benzoic acid, the form generally used by the Stamm group] and the 
very poor solubility in the same solvent of para-HABA [4-(4-hydroxybenzeneazo)benzoic 
acid] (Böhme, M.; Kuila, B.; Schlörb, H.; Nandan, B.; Stamm, M. Phys. Status Solidi B 
2010, 247, 2458-2469). 
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Figure 2.SI-2. Optical microscopy (OM) (a) and AFM (b, d-f) images of an equimolar 
PS-P4VP(41.5-17.5)/NOH film dip-coated at a rate of 1 mm/min. Images e (height) 
and f (amplitude) are of the same spot. The height profiles in (c) follow the lines 
indicated in (b). T1 and T2 refer to effective film terraces (see main text for details). 
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Figure 2.SI-3. Optical microscopy (OM) (a, e) and AFM (b, c, f, g) images of a film of 
equimolar PS-P4VP(41.5-17.5)/SM (SM=NOH, NCOOH) dip-coated at a rate of 1.5 
mm/min. Images f (height) and g (amplitude) are of the same spot. The height profiles 
in (d, h) follow the lines indicated in (b, f). T1 and T2 refer to effective film terraces 
(see main text for details). 
 
z = 10 nm
2 x 2 µm²
z = 50 nm
30 x 30 µm² 5 x 5 µm²
2 x 2 µm²
1.5 mm/min
NOH NCOOH
25 µm 25 µm
a) OM e) OM
b) AFM, height
c) AFM, height (T1)
1
z = 80 V
3 x 3 µm²
1
z = 35 nm
3 x 3 µm²
f) AFM, height 
g) AFM, amplitude
d) AFM height profile h) AFM height profile
T1
T1
T1
T2
T2
Distance (µm)
H
ei
gh
t (
nm
) 1
0 10 20 30
10
20
30
40
0
H
ei
gh
t (
nm
)
Distance (µm)
1
0 1 2 3
10
12
14
16
8
T2
82 
 
 
 
Figure 2.SI-4. Optical microscopy (OM) (a, e) and AFM (b, c, f, g) images of a film of 
equimolar PS-P4VP(41.5-17.5)/SM (SM=NOH, NCOOH) dip-coated at a rate of 2 
mm/min. Images f (height) and g (phase) are of the same spot. T1 and T2 refer to 
effective film terraces (see main text for details). 
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Figure 2.SI-5. Optical microscopy (OM) (a, e) and AFM (b, c, f, g) images of a film of 
equimolar PS-P4VP (41.5-17.5)/SM (SM=NOH, NCOOH) dip-coated at a rate of 3 
mm/min. Image c is for the film of image b that was rinsed in MeOH to remove the 
NOH, thus revealing pores. Images f (height) and g (amplitude) are of the same spot. 
The different Tn indicate film terraces, with T1/0 referring to a nascent T1 level. See 
main text for details. 
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Chapitre 3 
Evolution of Small Molecule Content  
and Morphology with Dip-Coating Rate in  
Supramolecular PS-P4VP Thin Films* 
 
3.1 Abstract 
In dip-coated thin films of supramolecular block copolymers where a small 
molecule (SM) preferentially interacts with one of the blocks, an important issue is whether 
or not the SM content in the films is the same as that in the dip-coating solution. Here, we 
quantitatively determined the SM content, using infrared spectroscopy in the attenuated 
total reflection mode (IR-ATR), in films of poly(styrene-b-4-vinylpyridine) (PS-P4VP) dip-
coated from THF solutions containing naphthol (NOH) and naphthoic acid (NCOOH). Dip-
coating was effected at very slow rates (0.5 to 6 mm/min); i.e. in the recently described 
"capillarity regime", where film thickness decreases with rate. It was found that, for both 
SMs, the SM/VP ratios in the films are the same under given conditions and evolve 
identically with dip-coating rate, starting from much less than, and then increasing towards, 
the SM/VP solution ratio. This behavior was related to THF being a hydrogen-bond 
competitor and to consequent diffusion of the SM back into solution during the capillarity-
dominated dip-coating process. The increase in the SM/VP ratio correlates with a 
morphology evolution from spherical to (in-plane) cylindrical to lamellar in the NCOOH-
containing films. The more limited morphological evolution in the films containing NOH, 
which forms a weaker H-bond with VP than NCOOH, was attributed mainly to greater 
partitioning of NOH in the PS phase. 
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3.2 Introduction 
Diblock copolymers are commonly used to create patterned surfaces at the 
nanometer scale in view of their growing interest for applications related to electronics,1 
optoelectronics,2 biosensors,3 nanolithography4 and nanoreactors.5 The nanophase 
separation induced by the immiscibility of the two blocks leads to characteristic 
morphologies that can be tuned by changing key parameters such as the Flory-Huggins 
interaction parameter between the two blocks, their degree of polymerization and the 
relative block fraction.6 In the case of block copolymer thin films, interfacial interactions, 
which often favor wetting of surfaces by one of the blocks, and film thickness, especially in 
relation to the natural periodicity of the block copolymer, also influence the film 
morphology.7-10 In most studies leading to this understanding, block copolymer thin films 
were prepared by spin coating, where film thickness is controlled by solution concentration 
and spin-coating parameters, generally followed by annealing. Dip-coating, an important 
industrial technique, is an alternative method for obtaining thin films. It has been used only 
occasionally to date for block copolymer studies, and can have particular consequences for 
supramolecular films, as will be shown here. 
"Supramolecular control" of block copolymer morphology is based on utilizing 
preferential interactions of functional small molecules (SMs) with one of the blocks.11-15 In 
a series of articles, Stamm and coworkers employed HABA [2-(4’-
hydroxybenzeneazo)benzoic acid] to influence the morphology of poly(styrene-b-4-
vinylpyridine) (PS-P4VP) diblock copolymer thin films through hydrogen bonding of 
HABA to P4VP.11,13,16-18 They showed that dip-coating from chloroform and dioxane 
solutions leads to horizontal and vertical cylindrical morphologies, respectively, where the 
cylinders are the P4VP/HABA phase.17 Furthermore, increasing the amount of HABA in 
the dip-coating solution switches the morphology of the dip-coated thin film in dioxane 
from vertical to horizontal cylinders, which was related to increased preferential swelling of 
the P4VP phase and hence to the pathway taken in the phase diagram during film drying.18 
In other examples, ten Brinke and coll.19,20 and Tung and coll.21 blended PDP (3-n-
pentadecylphenol) with PS-P4VP, in these cases in spin-coated thin films, and, in some 
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cases, were able to obtain morphological order on two length scales, involving the block 
copolymer and PDP, respectively. 
In our group, we have been investigating PS-P4VP films dip-coated from THF 
solutions containing other hydrogen-bonding small molecules (SMs), namely, 1,5-
dihydroxynaphthalene (DHN),14,22 as well as naphthol (NOH) and naphthoic acid 
(NCOOH).22,23 In comparing films prepared from NOH- and NCOOH-containing solutions, 
we found that the film morphology depends on the dip-coating rate, and that its evolution 
with dip-coating rate is different for the two types of solutions.22a,23 At the lowest rates 
used, both SMs lead to a surface pattern of quasi-hexagonally ordered dots, reflecting 
spherical morphology and related to the micellar THF solutions.22a However, as dip-coating 
rate is increased, a stripe (fingerprint) morphology, reflecting in-plane cylinders, appears in 
some conditions, favored in particular by NCOOH more than NOH, by higher polymer 
concentration in solution, and by higher SM:VP ratio in solution.22a These investigations 
were performed at slow dip-coating rates, where the film thickness decreases with increase 
in rate.  
To understand these trends, a crucial question that is specific to dip-coated films of 
supramolecular block copolymers is whether or not the SM/VP ratio in the film is the same 
as in solution. If not, is the amount in the film dependent on the choice of SM, on the 
solvent used, or on dip-coating parameters, to thereby influence the final film morphology? 
For example, Huang et al.24 showed by NMR that the small molecule PDP and the P4VP 
block exhibit different degrees of complexation in solution depending on the solvent, and 
that this influences the morphology obtained in the (spin-coated) films. They distinguished 
solvents whose molecular structure includes an oxygen atom, which, as a hydrogen-bond 
acceptor, competes with the pyridine ring for complexation with the small molecule, from 
solvents without an oxygen atom, and showed that these two types of solvents influence 
cylindrical orientation differently. 
In this paper, we present a method to quantify the amount of small molecule in the 
dip-coated films, using Attenuated Total Reflection Infrared (ATR-IR) spectroscopy. With 
this tool, the SM/VP molar ratios in the dip-coated films of a PS-P4VP diblock copolymer 
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containing NOH and NCOOH are compared as a function of dip-coating rate and of the 
SM/VP molar ratio in solution. The results are correlated with the evolution in film surface 
morphology as determined by Atomic Force Microscopy (AFM) and with the change in 
film thickness, which is discussed in the light of the recently described "capillarity" vs. 
"draining" regimes for dip-coated films.23,25,26 
 
 
Scheme 3.1. Molecular structure of the two small molecules used in this study. 
 
3.3 Experimental Section 
3.3.1 Materials 
A PS-P4VP diblock copolymer, with Mn(PS) = 41.5 kg/mol and Mn(P4VP) = 17.5 
kg/mol (29.7 mol% P4VP), was purchased from Polymer Source, and used as received. PS 
(Mw = 110 kg/mol; PDI<1.05) and P4VP (Mw = 60 kg/mol) homopolymers were obtained 
from Pressure Chemical Company and Sigma-Aldrich, respectively. 1-Naphthol (NOH, 
>99%), 1-naphthoic acid (NCOOH, 99.8%) and tetrahydrofuran (THF, 99.99%) were 
purchased from Sigma-Aldrich, Fluka and VWR, respectively, and used as received. 
Silicon wafers (1,0,0) were purchased from University Wafer (Pittsburgh). Rectangular 
shards, cut to appropriate dimensions (approximately 10 x 5 mm² for dip-coated films and 
10 x 10 mm² for solvent-cast films), were cleaned by immersion in THF for 5 min in an 
ultrasonic bath, wiped with Kimwipes tissue, and dried under nitrogen flow. Out of 
precaution, they were additionally cleaned by immersion in a piranha solution [7/3 v/v 
OH
O OH
NOH NCOOH
88 
 
 
concentrated H2SO4 and H2O2 (30 wt %)] at 90 °C for 1 h, thoroughly rinsed with Milli-Q 
water and dried under nitrogen flow, although this step was not observed to make a 
significant difference for the results. 
 
3.3.2 Film preparation for ATR-IR and AFM studies 
Dip-coating solutions of 5 mg/mL (with respect to the copolymer) were prepared by 
dissolving 25 mg of PS-P4VP and the required amount of SM for the SM/VP molar ratio 
desired in 5 mL of THF. The solutions were stirred overnight in closed vials on a heating 
plate at ca. 40 °C (in early work, 60-70 °C was used, with no detectable difference for the 
morphologies) and then left to cool to ambient temperature. They were filtered twice, 
successively through 0.45 µm and 0.2 µm PTFE filters (VWR). All dip-coating 
experiments were carried out under ambient conditions (21 °C, variable humidity); no 
significant differences were found in films prepared under high or low ambient humidity 
conditions. The silicon substrates were vertically immersed in the solution at a rate of 5 
mm/min, followed by a 30-s pause, and then they were vertically withdrawn from the 
solution at a controlled rate using a KSV 3000 Langmuir film balance. The films were 
stored under ambient conditions in covered containers. 
For calibration plots, 5 mg/mL solutions were prepared by dissolving 25 mg of 
block copolymer in 5 mL of chloroform at the desired SM/VP molar ratio. After complete 
dissolution on a stirring plate, a droplet of the solution was cast to completely cover the 
silicon shard. Chloroform was used because it allowed the formation of homogeneous films 
during solvent evaporation, in contrast to THF, for which heterogeneities on the sample 
surface (observed by the naked eye) degraded the infrared spectra. 
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3.3.3 Fourier Transform Attenuated Total Reflection Infrared 
Spectroscopy (ATR-IR) 
ATR infrared spectra, obtained from an accumulation of 256 interferograms at a 
resolution of 4 cm-1, were recorded with a Tensor 27 Bruker Optics spectrometer equipped 
with a MCT (Mercury Cadmium Telluride) detector and a Harrick Seagull accessory. A 
hemispherical Ge ATR crystal was used with p-polarized radiation at a 65° incident angle. 
 
3.3.4 Atomic Force Microscopy (AFM) 
AFM images were obtained in tapping mode using a Multimode microscope 
controlled by a Nanoscope V controller (Bruker), operated under ambient atmosphere. The 
tips (Arrow-NCR, Al coated, spring constant 42 N/m, oscillation frequency ca. 285 kHz) 
were obtained from Nanoworld. Film thicknesses were determined from AFM images of 
scratches made with a scalpel. 
 
3.3.5 Differential scanning calorimetry (DSC) 
Temperature-modulated scanning calorimetry was performed using a DSC Q1000 
from TA instruments. All samples were heated at a rate of 5 °C/min, with an oscillation 
amplitude of 1 °C and an amplitude period of 40 s. Data were taken from the second 
heating thermogram using the inflection point method to determine the Tg. The blends were 
prepared by dissolving the SM and homopolymer (PS and P4VP) in CHCl3 in the desired 
ratio (in steps of 5 wt %, up to 30 wt %), then solvent casting, followed by drying for 3h at 
ambient temperature in a vacuum oven. CHCl3 instead of THF was chosen because P4VP is 
not soluble in THF and also because CHCl3 can be removed more easily than THF from the 
solvent-cast films without leading to undesired SM evaporation. Complete evaporation of 
CHCl3 appeared assured by the fact that the pure homopolymers prepared in the same way 
as the blends showed the same Tg as the untreated homopolymers (106 and 152 oC for PS 
and P4VP, respectively). 
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3.4 Results and Discussion 
The influence of the type of SM on the morphology of film dip-coated from 5 
mg/mL PS-P4VP THF solutions containing equimolar SM relative to VP, illustrated in 
Figure 3.1, concords with our previous findings.22a The dot morphology, reflecting 
P4VP/SM spheres in a PS matrix, is observed in films of PS-P4VP/NOH (NOH/VP = 1.0) 
for all three dip-coating rates shown (Figure 3.1a1-c1). In contrast, in films of PS-
P4VP/NCOOH (NCOOH/VP=1.0), the dot morphology is observed for dip-coating at 1 
mm/min (Figure 3.1a2) and a stripe (fingerprint) morphology, representing in-plane 
cylinders of P4VP/SM, is observed for dip-coating at 2 mm/min (Figure 3.1c2). A transition 
between the two morphologies can be observed for the intermediate dip-coating rate of 1.5 
mm/min (Figure 3.1b2). It was verified by light scattering that there is no significant 
difference in the hydrodynamic radii and the radii of gyration of the NOH- versus the 
NCOOH-containing (or even SM-free) PS-P4VP solutions in THF, and therefore in the 
shape and size of the micelles that are characteristic of these solutions.22a In addition, it was 
observed that the average film thickness decreases monotonically with increase in dip-
coating rate, from ca. 150 nm at a rate of 0.1 mm/min to a minimum of ca. 10 nm at the 
highest rates investigated (5-8 mm/min).22a For these thinnest films, the surface 
morphology appears featureless or predominantly featureless, reflecting a "brush" layer of 
substrate-wetting P4VP covered by PS that minimizes the interfacial energy with air.22,27 
The decrease in film thickness with dip-coating rate was correlated22a with the "capillarity 
regime" described recently by Grosso and coll. for dip-coated sol-gel films,25,26 as will be 
discussed further below. 
It was verified previously by transmission infrared spectroscopy that NOH and 
NCOOH hydrogen bond to the pyridine block in thick films cast from THF solutions.22a To 
recapitulate briefly, the usual band shifts associated in previous literature with OH and 
COOH H-bond interactions with pyridine, were observed in the solvent-cast films 
(equimolar SM/VP). The quasi-disappearance of the 993 cm-1 free pyridine band indicates 
that the SM–VP H-bond interactions in these films are close to complete. It is also known 
from the literature that the COOH moiety forms a stronger H-bond with VP than the OH 
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moiety (considered to be strong and intermediate strength, respectively),29 as evidenced by 
two broad bands at 2500 and 1950 cm-1 for COOH–VP interactions that are not present for 
OH–VP interactions.22a This is supported by the somewhat higher wavenumbers to which 
the 993 and 1598 cm-1 free VP bands are shifted by H-bonding in the NCOOH-containing 
films (to 1013 and 1605 cm-1, respectively, for equimolar SM:VP) compared to the NOH-
containing films (to 1007 and 1603 cm-1, respectively). It may be added that the quasi-
completeness of SM-VP H-bonding in the dried films is favored by its greater strength 
compared to self-hydrogen bonding (OH-OH and COOH-COOH, respectively)29c as well as 
by the combinatorial entropic contribution to the free energy of mixing (polymer-SM 
interactions being more favorable than SM-SM interactions). 
In the present study, infrared (IR) spectroscopy investigations in the attenuated total 
reflection (ATR) mode were carried out on dip-coated films. Figure 3.2 shows 
representative ATR-IR spectra of such films containing the two SMs, compared with the 
spectra of the separate components. ATR-IR spectroscopy is a surface technique, and 
therefore, to ensure that the entire film thickness is being characterized, the depth of 
penetration should exceed the film thickness. Since the films are dip-coated onto silicon 
substrates, this requirement is verified by observation of the very broad Si-O-Si stretching 
band near 1200 cm-1 (Figure 3.2b). This band is present in the spectra of the SM-containing 
films shown in Figure 3.2d and g, as it is in all of the dip-coated films analyzed, including 
the thickest ones. By comparing the PS-P4VP/SM spectra with those of the components 
alone (Figure 3.2a, c and f), isolated bands with no significant overlap among the different 
components and free of H-bond effects – therefore, useful for quantitative analysis – can be 
identified, notably, 1493, 1510 and 1387 cm-1 for PS-P4VP, NCOOH and NOH, 
respectively. These bands, listed in Table 3.1, have constant absorption frequencies 
independent of film composition, indicating that they are not affected by the hydrogen-
bonding interactions. This is in contrast to, for example, the 1600 cm-1 composite band, 
where H-bonding shifts the P4VP component of the band to higher wavenumbers.22,28,29 
Thus, the 1493 cm-1 PS-P4VP band will be used as the reference band for normalization of 
the spectra and the two SM bands will be used to quantify the amount of SM in the films. 
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Figure 3.1. AFM topographic images (2x2 μm2, z = 10 nm) of PS-P4VP diblock 
copolymer films dip-coated at the rates indicated from THF solutions containing 
SM=NOH or NCOOH at equimolar SM/VP ratios. 
 
To make quantitative measurements of the SM/VP ratio in the films, ATR-IR calibration 
plots were prepared using samples that were solvent-cast on silicon wafers from solutions 
of several SM/VP molar ratios (0.25, 0.5, 0.75 and 1.0), which necessarily give the same 
SM:VP molar ratios in the films. The plots are shown in Figure 3.3, where the ratio of the 
height of the SM band (1387 and 1510 cm-1 for NCOOH and NOH, respectively) to the 
height of the PS-P4VP band at 1493 cm-1, using the baselines indicated in Figure 3.4 and 
applying band fitting in the case of NCOOH. The data points in Figure 3.3 show well-
behaved linear relationships obeying the Beer-Lambert law. 
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b1 c1
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Figure 3.2. ATR-IR spectra of a) solvent-cast PS-P4VP; b) bare silicon wafer 
(substrate); c) naphthol (powder); d) PS-P4VP film dip-coated at 2 mm/min from a 
NOH-containing THF solution; e) naphthoic acid (powder); f) PS-P4VP film dip-
coated at 2 mm/min from a NCOOH-containing THF solution; d) and f) are for 
equimolar SM/VP solutions. Arrows indicate the Si-O-Si stretching band from the 
oxide layer on the silicon substrate. 
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Table 3.1. Principal infrared vibration frequencies of the PS-P4VP block 
copolymer30,31 and the small molecules (NOH and NCOOH)32 referred to in the text. 
All are ring stretching modes. 
Wavenumber 
(cm-1) Molecule 
1600 PS, P4VP, NOH, NCOOH 
1510 NCOOH 
1493 PS, P4VP 
1415 PS, P4VP 
1387 NOH 
993 P4VP 
 
 
Figure 3.3. Calibration plots determined from ATR-IR spectra of solvent-cast PS-
P4VP films containing known concentrations of NOH and NCOOH. Absorbance ratios 
are determined using the NOH band at 1387 cm-1 and the NCOOH band at 1510 cm-1 
relative to the PS-P4VP band at 1493 cm-1. The linear plots are least-square fits of the 
data points forced through the origin. 
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Figure 3.4. ATR-IR spectra of PS-P4VP films dip-coated at the withdrawal rates 
indicated from THF solutions containing (a) NOH and (b) NCOOH in equimolar 
SM/VP ratio. The spectra are normalized to the copolymer band at 1493 cm-1. 
Baselines are indicated for the bands used for quantitative analysis. 
1600 1500 1400
A
bs
or
ba
nc
e 
(a
.u
.)
Wavenumber (cm-1)
Rate (mm/min):
 3
 2
 1.5
 1
 0.5 NOH
Copolymer
a
1600 1500 1400
Rate (mm/min):
 3
 2
 1.5
 1
 0.5
 
A
bs
or
ba
nc
e 
(a
.u
.)
Wavenumber (cm-1)
Copolymer
NCOOH
b
96 
 
 
Figure 3.4 displays the ATR-IR spectra of dip-coated films obtained at various dip-
coating rates from equimolar SM/VP solutions. The spectra are normalized to the 
copolymer band at 1493 cm-1, thus highlighting the change in relative intensity of the SM 
bands. Clearly, the intensity of the latter increases with dip-coating rate, indicating that the 
SM/VP ratio in the films (“uptake ratio”) increases with dip-coating rate. Consistent with 
this, there is also a gradual shift of the band near 1600 cm-1 from 1599 to 1601 cm-1 with 
increase in SM/VP ratio, reflecting an increase in SM hydrogen bonding to VP that shifts 
the pyridine contribution of this composite band to slightly higher wavenumbers.28,29 The 
shift causes a broadening of this band, and thus accounts for its decrease in intensity 
(constant total area) with NCOOH/VP ratio. In contrast, the intensity increases with 
NOH/VP ratio due to the overlap with a relatively intense NOH band at 1598 cm-1, absent 
for NCOOH (see Figure 3.2c and e). 
 
 
Figure 3.5. SM/VP uptake ratio as a function of dip-coating rate in PS-P4VP films 
dip-coated from THF solutions containing NCOOH and NOH in equimolar SM/VP 
ratio.  
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Using the bands at 1387 and 1510 cm-1 for NOH and NCOOH, respectively, along 
with the calibration curves, the quantitative SM/VP uptake ratios in the films dip-coated 
from equimolar solutions are plotted as a function of dip-coating rate in Figure 3.5. It can 
be observed that the increase in SM/VP uptake ratio is quasi-linear at low dip-coating rates 
up to ca. 2-3 mm/min, after which it rises more slowly, tending towards the solution 
SM/VP ratio. It is noteworthy that the uptake ratios for the two SMs at any given dip-
coating rate are very similar. Thus, it can be concluded that the morphological differences 
between NOH- and NCOOH-containing films, as illustrated in Figure 3.1, cannot be 
accounted for by a difference in the SM/VP uptake ratio. 
 
 
Figure 3.6. NCOOH/VP uptake ratio in PS-P4VP films as a function of dip-coating 
rate from solutions containing the NCOOH/VP molar ratios indicated. The film 
morphologies observed on the representative AFM height images shown are: dots 
(spherical) below line A, stripes (in-plane cylindrical) between lines A and B, and 
islands and holes (in-plane lamellar) above line B. A transition morphology of dots and 
stripes is observed in the vicinity of line A. AFM scale bars = 200 nm (500 nm for the 
topmost image). 
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Because it is the NCOOH-containing films that show greater richness in 
morphological evolution as a function of dip-coating rate in the conditions studied, further 
investigations concentrate on these films. Figure 3.6 shows the NCOOH/VP uptake ratio as 
a function of dip-coating rate for films dip-coated from solutions of four different 
NCOOH/VP molar ratios. They all show the same trend, namely a quasi-linear increase in 
NCOOH/VP uptake ratio with dip-coating rate up to about 2-3 mm/min that then more 
slowly tends towards a plateau corresponding to the solution ratio. When the uptake ratios 
in Figure 3.6 are normalized to the solution ratio, they collapse to a single curve (Figure 
3.7). This indicates that the uptake ratio is directly proportional to the solution ratio for a 
given dip-coating rate. 
 
 
Figure 3.7. NCOOH/VP uptake ratios as a function of dip-coating rate for the PS-
P4VP films of Figure 3.6 normalized by the NCOOH/VP solution ratios indicated. 
 
The film morphologies observed by AFM are also indicated in Figure 3.6. This 
figure can be divided into three main morphological areas separated by the horizontal lines, 
A and B, and can thus be viewed as a pseudo-phase diagram. Below line A, only the dot 
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(spherical22a) morphology and never the stripe morphology is observed. Between lines A 
and B, the opposite – i.e. the stripe (in-plane cylindrical22a) morphology and never the dot 
morphology (but accompanied by featureless regions for dip-coating rates of 3 mm/min and 
above; see below in connection with film thickness variation) – is observed. A transitional 
morphology, i.e. the presence of both dots and short stripes, is observed in the vicinity of 
line A. Above line B, where the solution ratio exceeds equimolar SM/VP, the morphology 
resembles “islands and holes”, where the step height is ca. 25 nm. This morphology is 
typical of lamellar organization parallel to the substrate in the form of terraces due to the 
incommensurability between the average film thickness and the natural block copolymer 
periodicity.9,10 
The fact that lines A and B separating the morphology zones in Figure 3.6 are 
horizontal suggests that the film morphology is controlled by the NCOOH/VP uptake ratio 
in these films, and only indirectly by the dip-coating rate through its effect on that ratio. 
This can be understood, at least in part, by considering the degree of swelling of the P4VP 
phase by NCOOH, relative to the morphology in pure PS-P4VP dip-coated from SM-free 
THF solutions. The SM-free films show the dot (spherical) morphology in the whole range 
of dip-coating rates studied here, attributed to the deposition of solution micelles.23 This 
appears unchanged for NCOOH/VP uptake ratios up to ca. 0.45 (noting that cross-sectional 
TEM showed an essentially spherical morphology in films dip-coated at 1 mm/min from 
equimolar solutions22a). Between 0.5 and equimolar, the increase in the volume fraction of 
the NCOOH/P4VP phase is enough to switch the morphology to cylindrical. Above 
equimolar, the volume fractions are such that the lamellar morphology is favored. It is 
noteworthy that no evidence of macroscopic phase separation, such as crystallized SM, was 
observed in the latter films. This is reinforced by examination of the infrared carbonyl band 
in the films with uptake ratios of 0.6 (VP in excess) and 1.5 (NCOOH in excess). The band 
is essentially identical in both films, showing a maximum at 1694 cm-1 compared to 1676 
cm-1 for pure NCOOH (Figure 3.SI-1 in the Supporting Information), where the latter is 
associated with crystallized H-bonded dimers. The quasi-absence of this band in the 1.5 
NCOOH/VP shows that the excess NCOOH is not crystallized; instead, it is most likely 
molecularly dispersed in the films (though with acid dimers not excluded). 
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The question now arises as to why the NOH-containing films do not show the same 
morphology evolution as the NCOOH-containing films, as shown above for equimolar 
SM/VP solutions, despite the fact that they have the same SM content for any given dip-
coating rate. This must somehow be related to the different hydrogen-bonding strengths of 
the two SMs with P4VP, which is greater for NCOOH than for NOH.22,29 This could, in 
particular, modify the degree of selectivity for the P4VP phase, although other factors such 
as the block interaction parameter and interfacial energies with substrate and air may also 
be affected differently by the two molecules. The phase selectivity can be probed by DSC 
analysis of blends of the small molecules with PS and P4VP homopolymers. This was 
reported, for example, by van Zoelen et al. who found that a small fraction of PDP is 
miscible with PS, estimated to be about 5 wt % based on the degree of depression of the PS 
glass transition temperature (Tg), thereby affecting the thin film morphology of PS-
P4VP/PDP.33 In our case, when blended with PS, NOH leads to a significantly greater 
maximal Tg depression of the homopolymer than NCOOH; i.e., the Tgs of the blends reach 
about 50 and 70-75 oC for NOH and NCOOH, respectively, compared to 106 oC for pure 
PS. In parallel, as deduced from the non-transparency of the solvent-cast films, NOH phase 
separates from PS at higher content (starting by 20 wt %) than NCOOH (starting by 10 wt 
%). In contrast, the Tg depression of P4VP is identical for both SMs at any given content 
and all SM/P4VP solvent-cast films are transparent (studied up to 30 wt %). This clearly 
indicates that NOH has greater miscibility than NCOOH with PS, such that, for a given 
amount of total SM in a PS-P4VP film, there is more NOH than NCOOH in the PS 
domains. This is likely to be further reinforced by the stronger H-bond of NCOOH than of 
NOH with P4VP. Both effects confer greater preference of NCOOH than NOH for the 
P4VP domains, thus leading to greater P4VP swelling by NCOOH than by NOH (and 
conversely, some degree of PS swelling by NOH and less by NCOOH). This differential 
phase selectivity of the two SMs can rationalize (possibly with other contributing factors) 
why, as the SM content in the films increases with dip-coating rate, the NCOOH-containing 
films in Figure 3.1 (and 3.5) attain sufficient swelling of the P4VP domains to favor the 
(horizontal) cylindrical morphology, whereas the NOH-containing films in this figure 
remain characterized by the spherical morphology (until the brush layer regime is attained). 
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Figure 3.8. ATR-IR calibration spectra of the solvent-cast films of (a) PS-P4VP/NOH 
and (b) PS-P4VP/NCOOH at the SM/VP ratios indicated, normalized relative to the 
copolymer band at 1493 cm-1. 
 
Close inspection of the 993 cm-1 band for free P4VP in the calibration spectra 
(solvent-cast films) indirectly supports the conclusion from the DSC analysis. As shown in 
Figure 3.8, this band decreases with increase in SM content, as expected (while a band for 
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H-bonded P4VP at higher wavenumbers increases in parallel; shown by the second 
derivative spectra in Figure 3.SI-2 to be located at 1007 and 1015 cm-1 in the NOH- and 
NCOOH-containing films, respectively). However, at equimolar ratio, it is still weakly 
visible in the NOH-containing, but not NCOOH-containing, films. This is consistent with a 
greater (but small) fraction of NOH than NCOOH being dispersed in the PS phase. 
To understand the variation in uptake ratio with dip-coating rate, it is necessary to 
refer to the film thickness variation with this rate. As mentioned above, we observed 
previously that the average thickness of dip-coated block copolymer films decreases with 
dip-coating rate in the range investigated.22a ("Average" is specified because these films 
tend to be subject to dewetting/terracing phenomena, described in detail in ref. 22a.) Figure 
3.9 shows that this trend is followed by the films dip-coated from solutions of all of the 
NCOOH/VP molar ratios studied and that the film thickness is insensitive to this ratio 
within experimental uncertainty. This trend in film thickness at slow dip-coating rates thus 
appears to be a general phenomenon, which was recently reported first for phospholipid 
deposition on horizontal substrates34 and then for dip-coated sol-gel films.25,26 The latter 
references also show that a further increase in dip-coating rate leads to a minimum 
thickness (reached in our films at the highest dip-coating rates used), followed by an 
increase in thickness. The approximately V-shaped dependence of film thickness on dip-
coating rate was explained by the combination of two competitive dip-coating regimes:25,26 
(a) the "capillarity" regime dominating the slow dip-coating side of the minimum, which is 
governed by capillarity feeding of the developing film as solvent evaporates, leading to 
thicker films as dip-coating rate decreases, and (b) the "draining" regime dominating the 
high dip-coating side of the minimum, which is the usual regime used for dip-coating, first 
described by Landau and Levich,35 and where film thickness increases with dip-coating 
rate. 
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Figure 3.9. Average film thickness of the PS-P4VP/NCOOH films dip-coated from 
solutions of the NCOOH/VP molar ratios indicated. 
 
The nature of the capillarity regime can explain the variation in SM/VP uptake ratio 
as follows. The very slow withdrawal of the substrate from solution in this regime allows 
the capillary rise (meniscus) of the solution to continuously feed the depositing film as 
solvent evaporates, thereby leading to increasingly thick films with decreasing substrate 
withdrawal rate.25,26,34 At the same time, the lengthy contact of the meniscus with the 
depositing film can effectively wash out much of the small molecule from that film by 
diffusion back into solution, thus depleting the SM content in the final film. The slower the 
substrate withdrawal, the more complete the washing out of the SM. As the withdrawal rate 
increases, the capillarity effect decreases in importance and, therefore, the SM content in 
the film rises to approach that in solution, thus leading to the tendency to a plateau in the 
uptake ratios with dip-coating rate, as observed in Figures 3.5-3.7.  
In general, the dependence of the SM/VP uptake ratio is likely to depend on the 
nature of the solvent. As mentioned in the introduction, THF competes with P4VP as a 
hydrogen bond acceptor.24 As mentioned in the Introduction, THF competes with P4VP as 
a hydrogen bond acceptor. This was shown by NMR in ref 24 for PDP in d-THF, where the 
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hydroxyl proton has a high chemical shift (7.97 ppm) indicative of strong interactions with 
THF; this shift is unchanged (7.99 ppm) in the presence of PS−P4VP, indicating 
insignificant interaction of PDP with P4VP in THF. (In contrast, the shifts in d-CHCl3 
were measured to be 4.63 and 5.26 for PDP alone and in the presence of PS−P4VP, 
respectively, indicating weak interactions of PDP with this solvent and H-bonding with the 
P4VP block.24) In our systems, the shifts measured for the hydroxyl proton of NOH alone 
and the acid proton of NCOOH alone in d-THF are 8.91 and 11.55 ppm, respectively, 
compared to 8.94 and 11.59 ppm, respectively, in the presence of PS−P4VP (equimolar 
SM:VP), thus confirming the strong interactions of NOH and NCOOH with THF at the 
expense of interactions with P4VP. In other words, by the shear number of THF molecules 
compared to VP moieties in solution, THF effectively overwhelms the SM hydrogen 
bonding with VP. This can explain why the hydrodynamic radius, the radius of gyration, 
and therefore the micelle shape and size of PS-P4VP in THF are unchanged by the presence 
of either SM. It can also explain why there is no difference between NOH and NCOOH in 
uptake ratio and its trend with dip-coating rate (Figure 3.5). In addition, these effects may 
mediate the distributions of NOH vs. NCOOH between the PS and P4VP domains 
discussed above. Specifically, as the film dries and increasingly less THF is present, the 
SM will tend to migrate to the P4VP domains, probably more strongly (or at higher THF 
content) for the stronger hydrogen-bonding SM, NCOOH. On the other hand, if a solvent 
that is less competing or non-competing for the H-bond is used, the SM binds partly or 
completely (up to stoichiometrically) with the P4VP in solution,24 to thus be less prone or 
not at all prone to washing out during the dip-coating process. Preliminary results using 
CHCl3, which is currently under investigation, indeed suggest that this is the case. 
It is of interest to compare the above results with related observations by Stamm and 
coworkers, particularly regarding their extensive work with dip-coated HABA-containing 
PS-P4VP films. It is first important to point out that their films were dip-coated in the 
draining regime (0.1-1.0 mm/s), although, to our knowledge, they did not investigate the 
effect of dip-coating rate specifically.5,11-13,16-18,36 Since the uptake ratio in Figures 3.5-3.7 
tends towards the SM/VP solution ratio as the minimum film thickness is approached, it 
can be surmised that the film composition in the draining regime, where the capillarity 
 
 
 
105
effect ceases, is the same as in solution. We have indeed confirmed this by extending our 
investigations to higher dip-coating rates, as reported elsewhere.23 With this in mind, it is 
notable that Nandan et al. observed that increasing the SM/VP molar ratio in dioxane 
solution transforms a spherical morphology to in-plane cylindrical morphology in dip-
coated films, due to greater swelling of the P4VP domains by the increased SM content.18 
This is identical to what is observed in Figure 3.6 below and above line A for increasing 
SM/VP solution ratio at dip-coating rates between 1 and 3 mm/min. Furthermore, the effect 
of the capillarity regime on the SM uptake in the films allows this effect to occur simply by 
varying the dip-coating rate from a single dip-coating solution composition.  
The above results highlight the importance of knowing the SM content and its 
evolution with dip-coating rate, in conjunction with film thickness and other effects, in 
understanding morphology evolution in supramolecular dip-coated films, particularly in the 
capillarity regime of dip-coating rates. Block fraction composition and film thickness 
relative to the bulk periodicity are known from annealed spin-coated films to be two 
important factors governing thin film morphology and orientation.10 Other factors include 
the solvent used,16 its interactions with either or both blocks and consequent modification 
of block-block and block-SM interactions,20,37 its evaporation rate,38 and solution 
concentration.22,27 Typically, kinetic factors, and thus the pathway taken in the phase 
diagram as solvent evaporates, also play a significant role.11 Several of these effects have 
been shown and discussed in the work of Stamm and coll.5,11-13,16-18,36 as well as by ten 
Brinke and coll.19,20,33 for supramolecular films. Finally, it should be emphasized that the 
dip-coated films described here are not post-annealed, in contrast to most investigations of 
spin-coated films, which are generally thermally or solvent annealed to reveal 
morphologies. 
 
3.5 Conclusions 
We have shown that the morphology of self-assembling films dip-coated slowly 
from THF solutions of PS-P4VP block copolymers mixed with NOH and NCOOH depend 
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on the nature of the hydrogen-bonding small molecule (such as its H-bond strength) and, at 
least for NCOOH, on the SM/VP ratio in the film. In turn, the SM/VP ratio in the film, 
determined by ATR-IR spectroscopy, is proportional to the ratio in solution with the 
proportionality increasing towards unity with dip-coating rate, this in the same way for both 
NOH and NCOOH. The latter dependence is related to the dip-coating taking place in the 
so-called capillarity regime, where the film thickness is governed by capillarity feeding.25,26 
In this regime, the slower the dip-coating rate, the thicker the film and, simultaneously, the 
more time there is for diffusion of the small molecule (NOH or NCOOH here) back into 
solution, thereby decreasing its amount in the final film. This diffusion effect is considered 
to be effective when using H-bond competing solvents (here THF). For lower SM content, 
the morphology is essentially spherical due to the spherical micellar nature of the block 
copolymer in solution. For NCOOH, the morphology evolves to (in-plane) cylindrical and 
then lamellar with increasing NCOOH content (higher dip-coating rates), which is 
explained by the increased selective swelling of the P4VP domains in the film. NOH-
containing films dip-coated from equimolar SM:VP solutions show only spherical 
morphology in the range studied (compared to spherical and cylindrical for NCOOH-
containing films in the same range). This is attributed to greater miscibility of NOH than 
NCOOH with PS (supported by thermal studies of the glass transition temperature 
depression), such that the P4VP/NOH domains do not attain the necessary volume fraction 
for the development of cylindrical morphology. 
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3.8 Supporting information 
 
 
Figure 3.SI-1. ATR-IR spectra of dip-coated thin films for which the NCOOH/VP 
uptake ratios were measured to be (a) 0.6 and (b) 1.5. The spectra are normalized to the 
C=O band at 1695 cm-1.  
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Figure 3.SI-2. Second derivatives of the ATR-IR calibration spectra shown in Figure 8 
(main text) for the solvent-cast films of (a) PS-P4VP/NOH and (b) PS-P4VP/NCOOH 
at the SM/VP ratios indicated. Identification of the SM bands is based on the infrared 
spectra of the pure SMs in ref. 22a of the main text. 
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Chapitre 4 
Morphology, Thickness, and Composition Evolution in 
Supramolecular Block Copolymer Films over a Wide 
Range of Dip-Coating Rates* 
 
4.1 Abstract 
Dip-coating, an important industrial technique, has been underexploited for 
preparing block copolymer (BC) thin films, such that the knowledge regarding their general 
characteristics is limited. Here, we present an overview of the crucial factors that determine 
how BC film morphology evolves as a function of dip-coating rate (withdrawal speed) over 
a wide range, illustrated using THF solutions of a polystyrene-b-poly(4-vinyl pyridine) 
(PS-P4VP) diblock copolymer mixed with two small molecules, naphthol and naphthoic 
acid, which are hydrogen-bonders with P4VP. Key factors in determining the film 
morphology are the systematic variation in film thickness and, for supramolecular BCs, in 
film composition with dip-coating rate. The former shows a general V-shaped dependence, 
related to the so-called capillarity and draining regimes identified previously for dip-coated 
sol-gel films. The relative small molecule content in the films studied is shown to increase 
in the capillarity regime from low to that of the dip-coating solution and thereafter to 
remain constant. Together, these changes, in addition to solvent and other effects, 
determine the film morphology and its evolution with dip-coating rate. 
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4.2 Introduction 
Block copolymer (BC) thin films have been under extensive investigation for many 
years, due to the fundamental interest in understanding what controls their morphologies 
and to the various nanotechnological applications that can utilize these morphologies.1-6 
The most common method for preparing BC films for study is by spin-coating, generally 
followed by annealing. Dip-coating is a frequently used industrial technique for preparing 
thin films, with advantages such as simplicity of use and little loss of solution,7 but has 
received limited attention to date for BCs.8-17 Here, we present an overview of key factors 
critical for understanding, controlling and manipulating the general characteristics of BC 
films dip-coated over a wide range of rates (with no post-annealing applied), and show their 
particular consequences for supramolecular BCs.  
Salient findings by the main groups that have investigated dip-coated BCs to date 
include the following. Krausch and coll. observed that the morphology of PS-P2VP 
[polystyrene-b-poly(2-vinyl pyridine)] films dip-coated from toluene solution varies with 
solution concentration,8,9 and is featureless below a critical dip-coating rate that also 
depends on solution concentration.10 Stamm and coll. showed that the film morphology of 
supramolecular PS-P4VP (where a functional small molecule, SM, that hydrogen bonds to 
P4VP is incorporated) depends on the dip-coating solvent used.11,12 Our group found that 
the morphology of similar films depends on the SM used for supramolecular control as well 
as on the dip-coating rate.16 We will show here that each of these works are limited aspects 
of a larger, unified picture. 
 
4.3 Experimental Details 
The PS-P4VP diblock copolymer, with Mn(PS)=41.5 kg/mol and Mn(P4VP)=17.5 
kg/mol, was purchased from Polymer Source, and used as received. 1-Naphthol (NOH, 
>99%), 1-naphthoic acid (NCOOH, 99.8%) and tetrahydrofuran (THF, 99.99%) were 
purchased from Sigma-Aldrich, Fluka and VWR, respectively, and used as received. 
Silicon wafers ({1,0,0}) were purchased from University Wafer (Pittsburgh). Rectangular 
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shards were cut, cleaned by immersion in THF for 5 min in an ultrasonic bath, wiped with 
Kimwipes tissue, and dried under nitrogen flow. Subsequently, they were put in a piranha 
solution at 90 °C for 1 h, thoroughly rinsed with Milli-Q water and dried under nitrogen 
flow. 
Solutions were prepared by dissolving 25 or 50 mg of PS-P4VP, along with the 
amount of SM required to give an equimolar SM/VP ratio, in 5 mL of THF. The solutions 
were stirred overnight at ca. 40 °C. After cooling, they were filtered twice, successively 
through 0.45 µm and 0.2 µm PTFE filters. Films were prepared by dip-coating from the 
prepared solutions under ambient conditions (temperature constant at about 21 oC), using a 
KSV3000 Langmuir film balance. The silicon substrates were vertically immersed in the 
solutions at a rate of 5 mm/min, followed by a pause of 30 s, and then were withdrawn at a 
controlled rate ranging from 1 to 80 mm/min.  
The SM/VP uptake ratio in the films was determined by Fourier Transform 
Attenuated Total Reflection Infrared Spectroscopy (ATR-IR), using a Tensor 27 Bruker 
Optics spectrometer equipped with a MCT detector and a hemispherical Ge ATR crystal 
with p-polarized radiation at a 65o angle, following the procedure described in ref. 17 of the 
main text. Morphologies were investigated by Atomic Force Microscopy (AFM) in tapping 
mode with a Bruker Multimode microscope controlled by a Nanoscope V controller and 
using Nanoworld tips (spring constant 42 N/m, ca. 285 kHz oscillation frequency). Average 
film thicknesses were estimated from AFM images of scratches made with a scalpel. 
 
4.4 Results and discussion 
The starting point for an overall understanding is a recent publication by Grosso and 
coll. showing how the thickness of inorganic sol-gel films varies over a very wide range of 
dip-coating rates (withdrawal rates).7,18 They demonstrated that the film thickness first 
decreases, reaches a minimum and then increases as a function of dip-coating rate, u. At 
low rates ("capillarity regime"), the thickness varies as u-1 and is governed by capillary 
feeding and solvent evaporation. At high rates ("draining regime"), which has most often 
 
 
 
115
been used for preparing dip-coated films in general,7 the thickness varies as u2/3 and can be 
described by a draining model developed from the Landau–Levich equation.19 Together, 
these regimes give a roughly V-shaped film thickness/dip-coating rate relationship. We will 
show that this relationship applies equally to BC films and, most importantly, strongly 
influences their morphology. In addition, the SM content of supramolecular BCs can be 
strongly influenced by the dip-coating rate, depending on the regime. The morphologies 
obtained in dip-coated BC films must be understood within this general perspective, using 
the knowledge gained previously from studies of annealed spin-coated films. Moreover, 
with this perspective, it is clear that previous investigations of such films by our group have 
been conducted on the capillarity side of the minimum, whereas those of the Krausch and 
Stamm groups were conducted on the draining side. 
The films discussed here are dip-coated from THF solutions containing a PS-P4VP 
diblock copolymer [Mn(PS)=41.5 kg/mol; Mn(P4VP)=17.5 kg/mol] and an equimolar 
quantity, relative to VP, of 1-naphthol (NOH) or 1-naphthoic acid (NCOOH), which 
hydrogen bond to P4VP with differing strengths (NCOOH>NOH).16,17,20 The THF 
solutions were shown by dynamic and static light scattering to be micellar, with the same 
spherical micelle shape and size in the presence of either SM or no SM.16 Dip-coated films 
were prepared from NOH- and NCOOH-containing solutions with a PS-P4VP 
concentration of 5 mg/mL as well as from an NOH solution with twice the concentration 
(10 mg/mL), and from SM-free PS-P4VP solutions at both concentrations. Withdrawal 
rates, determined by the limits of the Langmuir film balance used for dip-coating, varied 
between 1 and 80 mm/min. No post-annealing was applied to the films. 
Figure 4.1 shows that the average film thickness varies with dip-coating rate in a V-
shaped manner for all five dip-coating solutions. The dashed lines through the data points 
are fits that combine the u-1 and u2/3 dependencies for the capillarity and draining regimes, 
respectively (see also Figure 4.SI-1). They show the general applicability to block 
copolymer films of the film thickness/dip-coating rate dependence described in ref. 7. The 
type of small molecule, NOH or NCOOH, and even its presence or not, have little or no 
influence on the film thickness, as shown by the similarity of the three 5 mg/mL solutions 
and the similarity of the two 10 mg/mL solutions. The difference between the 5 and 10 
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mg/mL solutions indicates that increasing the solution concentration produces thicker films, 
as also found for sol-gel films.7 The minimum thickness for the two concentrations is ca. 10 
and 20 nm, respectively, and occurs over a relatively broad dip-coating rate region around 
10 mm/min. 
 
 
Figure 4.1. Average film thickness as a function of the rate of dip-coating from THF 
solutions of the BC concentration and containing the SM indicated (SM/VP=1.0). The 
black dashed lines are calculated according to ref. 7. The letters refer to the AFM 
morphology images in Figure 4.2 and identify the regions along the curves where the 
indicated morphologies are observed. The hatched areas correspond to the dot/stripe 
transition regions for films containing NOH (blue) and NCOOH (red). The horizontal 
blue solid line corresponds to the critical thickness below which only a brush layer 
forms. 
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The evolution of the film morphologies along the film thickness curves, 
summarized by a series of topographical AFM images in Figure 4.2 (with their location 
along the curves indicated in Figure 4.1) and complemented with larger images of a more 
complete series in Figures 4.SI-2-4, is complex. We will begin with the NOH-containing 
films. For the 5 mg/mL solution, the film morphology evolves from dots at slow dip-
coating rates (capillarity regime), to laterally featureless films at intermediate dip-coating 
rates (region of minimum thickness), to mixed dots and short stripes followed by only dots 
at higher dip-coating rates (draining regime). For the 10 mg/mL solution, the sequence is 
similar, except that the range giving featureless films for the 5 mg/mL solution now 
produces mixed dots and stripes on the capillarity side of the film thickness minimum and, 
on the draining side, almost exclusively long stripes (fingerprint texture) followed by 
another mixed dot-and-stripe region that evolve to almost exclusively dots. In the 
capillarity regime, the dot morphology is one of essentially spherical P4VP/SM micelles, 
determined by the solution characteristics, as indicated by cross-sectional TEM 
(transmission electron microscopy).16 In the draining regime, on the other hand, this 
morphology is more likely one of vertical P4VP/SM cylinders, based on the conclusions of 
Stamm and coll. for PS-P4VP films dip-coated in the draining regime from micellar 
dioxane solutions containing 2-(4'-hydroxyphenylazo) benzoic acid (HABA).11,12 The 
stripes must then be horizontal P4VP/SM cylinders,16 cylinder orientation being related to 
solvent evaporation rate combined with film thickness effects.21 The coexisting dot–stripe 
morphology can be related to being in a morphological transition region. 
In the minimum film thickness region, the featurelessness of the PS-P4VP/NOH 
films dip-coated from the 5 mg/mL solution indicates that only a "brush" layer of 
copolymer covers the substrate (confirmed by cross-sectional TEM).16 This brush layer is 
composed of a P4VP wetting layer adsorbed to the substrate and covered by a PS layer that 
reduces the interfacial energy with air.8,16,22 For the 10 mg/mL solution, the higher 
minimum thickness of the films is greater than that of the brush layer, leading to the 
appearance of laterally repetitive morphological features over the entire range of dip-
coating rates, particularly the stripe morphology in the thinner films. The critical thickness 
of PS-P4VP/NOH films, above which the film is composed of more than a brush layer, is 
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represented in Figure 4.1 by the horizontal solid blue line positioned at ca. 13 nm. This 
critical thickness is determined by the block molecular weights combined with interfacial 
interactions involving the block domains, substrate and air, which are also influenced by 
the small molecule present.1,23 
 
 
Figure 4.2. AFM topographic images (scale bars 200 nm) of PS-P4VP/SM films dip-
coated from 5 and 10 mg/mL THF solutions. The film thickness/dip-coating rates for 
each image are indicated in Figure 4.1 by the corresponding letters, a-e, a’-e’ and a*-
e*. For more details, see Figures 4.SI-2-4. 
 
Overall, in the PS-P4VP/NOH films investigated, the morphology evolves from 
spheres to horizontal cylinders to vertical cylinders of P4VP/SM as a function of 
withdrawal rate, with a "cut-off" brush-layer morphology present for film thicknesses 
attaining the brush-layer thickness. 
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The morphology evolution of NCOOH-containing films as a function of dip-coating 
rate is quite different from NOH-containing films (5 mg/mL solutions), which is indicative 
of a contribution of supramolecular control over the morphology. At very slow dip-coating 
rates, the morphology of both SM-containing films is identical (dots only; i.e., P4VP/SM 
spheres16), but as dip-coating rate increases the NCOOH-containing films evolve to the 
stripe morphology (P4VP/SM horizontal cylinders16) while still in the capillarity regime. 
This is followed, in the thinnest films (3 to 5 mm/min dip-coating), by the coexistence of 
thin ribbons (about 25 nm in height) characterized mainly by the stripe morphology and 
lower featureless regions indicative of the brush layer (see Figure 4.SI-4). At 10 mm/min 
dip-coating, the predominant brush layer coexists with essentially flat islands (also about 25 
nm in height) that grow and coalesce with dip-coating rate. These "island" and "hole" 
morphologies are characteristic of flat-on lamellae that form terraces due to 
incommensurability between film thickness and the natural block periodicity.1,24 Thus, 
overall, the morphology in the PS-P4VP/NCOOH films investigated evolves with dip-
coating rate from spherical to horizontal cylindrical to flat-on lamellar, again with a "cut-
off" brush layer in the thinnest films (although always coexisting with a fraction of 
additional layer for the rates studied). 
An important issue that is particular to supramolecular dip-coated films is how the 
SM:VP ratio in the films ("uptake ratio") compares to that in solution. This can be 
determined spectroscopically, particularly by the ATR-IR technique, described in detail 
elsewhere.17 Figure 4.3 shows that the SM:VP uptake ratio varies strongly as a function of 
withdrawal rate. The variation is identical for NOH- and NCOOH-containing systems and 
independent of solution concentration within experimental uncertainty. At the slowest rate 
used, the proportion of SM in the film is very low, at about 20% of the equimolar ratio in 
solution. It then increases rapidly with dip-coating rate in the capillarity regime to reach 
about 90% of equimolar in the region of minimum film thickness and full equimolar at 
about 20 mm/min. Following this, no further change occurs, indicating little or no effect in 
the draining regime of the dip-coating rate on SM content in the films. In other words, for 
very slow dip-coating rates in the capillarity regime, the SM has ample time to diffuse out 
of the meniscus that feeds the depositing film into the bulk solution; i.e. it is effectively 
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largely washed out from the depositing film. As the dip-coating rate increases, this effect 
decreases in importance, to finally disappear in the draining regime where the entrained 
film has no prolonged contact with the solution, thus preventing any washing out. The 
behavior in the capillarity regime can be related to the ability of THF to compete with 
P4VP as an H-bond acceptor, thus minimizing specific interaction of the SM with P4VP in 
solution.25 The behavior may be expected to be quite different in other solvents. Indeed, 
preliminary results in the capillarity regime using CHCl3, which is not a hydrogen-bond 
acceptor (but which is a good solvent for both blocks), indicate an essentially constant 
SM:VP ratio as a function of dip-coating rate (but which is greater for NCOOH than for 
NOH). The effect of various types of solvents on the SM content in dip-coated films in the 
capillarity and draining regimes is currently under detailed investigation. 
 
 
Figure 4.3. SM:VP uptake ratio, determined by ATR-IR, in PS-P4VP/SM films as a 
function of the rate of dip-coating from the THF solutions indicated (SM/VP=1.0). 
 
The evolution of the SM:VP ratio in the films with dip-coating rate is another 
crucial element, along with film thickness variation, for understanding the evolution in 
morphology. Since the SM selectively concentrates in the P4VP phase, a change in SM:VP 
ratio implies a change in volume fraction of the phases, well known to influence BC 
morphology.1-6 Thus, an increase in this ratio, which increases the P4VP/SM volume 
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fraction, explains why the spherical morphology at low rates can transform to a cylindrical 
(for NOH) and even a lamellar (for NCOOH) morphology at higher dip-coating rates, with 
morphological orientation determined by the film thickness, solvent evaporation rate, etc.21 
The contrast in morphology evolution between the NOH- and NCOOH-containing films, 
despite their having identical SM:VP uptake ratios that evolve identically, is less clearly 
evident, but must somehow be related to the stronger NCOOH–VP H-bond. One possible 
consequence is that this can result in greater if not exclusive selectivity of NCOOH for the 
P4VP phase, whereas a fraction of NOH may be dispersed in the PS phase.16,17 It is then 
reasonable that the NCOOH-containing films can attain the conditions for lamellar 
morphology whilst the NOH-containing films dip-coated in the same conditions are still 
characterized by a cylindrical morphology. 
In comparison with the films obtained from the SM-containing solutions, films of 
PS-P4VP dip-coated from SM-free solutions (5 and 10 mg/mL) show only the dot 
morphology over the entire range of dip-coating rates investigated, with the exception that 
the thinnest films from the 5 mg/mL solution display coexisting featureless regions 
indicative again of a brush layer (AFM images given in Figure 4.SI-5). This apparently 
constant morphology, which probably reflects spherical micelles as in the low SM-
containing films (although a change from spherical micelles in the capillarity regime to 
vertically oriented cylinders in the draining regime is not ruled out) can be related to the 
necessarily constant film composition. However, other conditions (e.g. other solution 
concentrations, block ratios, or dip-coating solvent) may lead to a richer morphology 
evolution in even SM-free films, given that the Krausch group observed featureless, dot, 
stripe, and mixed morphologies, depending on the solution concentration, in PS-P2VP 
films (for P2VP block contents ranging from 28 to 71%) dip-coated in the draining regime 
from toluene solution.8,9 A possible explanation in this case is that the morphology is 
cylindrical in all cases (related to both the BC composition and the solvent used), but that 
the cylinder orientation varies with film thickness from horizontal in thin films to vertical in 
thicker films. This would be consistent with what was indicated above for the PS-
P4VP/NOH films in the draining regime and with the combined film thickness/solvent 
evaporation rate dependence of cylinder orientation discussed in ref. 21. 
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4.5 Conclusions 
To conclude, this communication has shown that the morphology of dip-coated 
supramolecular diblock copolymer films varies systematically with dip-coating rate, 
determined particularly by the parallel evolution in film thickness and film composition, 
along with solution characteristics. The V-shaped thickness evolution is governed by the 
capillarity and draining regimes described recently for sol-gel films, indicating that this is a 
general trend for dip-coated films. In supramolecular films, the capillarity process can have 
a strong effect on the small molecule content in dip-coated films, depending on the nature 
of the solvent used. In further investigations and for applications of dip-coated BC films, it 
is crucial to be cognizant of this overall interplay between dip-coating rate, film thickness 
and film morphology, as well as film composition in the case of supramolecular BCs, 
influenced also by the solvent. 
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4.8 Supporting information 
 
Figure 4.SI-1. Average film thickness as a function of the rate of dip-coating from a 
THF solution of PS-P4VP/NOH (SM/VP=1.0, 5 mg/mL concentration). The dashed 
lines are calculated according to the capillarity and draining equations described in ref. 
7 of the main text, with the solid line combining the two. 
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Figure 4.SI-2. AFM topographic images of representative thin film morphologies 
observed for various dip-coating rates from 5 mg/mL PS-P4VP/NOH (NOH/VP=1.0) 
solutions. 
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Figure 4.SI-3. AFM topographic images of representative thin film morphologies 
observed for various dip-coating rates from 10 mg/mL PS-P4VP/NOH (NOH/VP=1.0) 
solutions. 
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Figure 4.SI-4. AFM topographic (amplitude when designated with an asterisk) images 
of representative thin film morphologies observed for various dip-coating rates from 5 
mg/mL PS-P4VP/NCOOH (NCOOH/VP=1.0) solutions. It is noteworthy that the 
stripes in the film dip-coated at 4 and 5 mm/min are spaced widely apart in several 
places, possibly indicative of the beginning of a transition from striped ribbons to 
featureless (flat) islands. Step heights between lower and higher terraces observed for 
the 10-40 mm/min rates are 26±2 nm. A very flat surface is observed for 80 mm/min, 
indicative of full coverage by a flat-on lamella. 
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Figure 4.SI-5. AFM topographic images of representative thin film morphologies 
observed for various dip-coating rates from 5 and 10 mg/mL SM-free PS-P4VP 
solutions.
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Chapitre 5 
Supramolecular PS-P4VP Diblock Copolymer Thin Films 
Slowly Dip-Coated from Chloroform Solutions* 
 
5.1 Abstract 
This contribution shows the strong influence of using chloroform instead of THF on 
the characteristics of thin films of supramolecular block copolymers of poly(styrene-b-4-
vinyl pyridine) dip-coated in the so-called “capillarity” regime from solutions containing 1-
naphthol or 1-naphthoic acid. The small molecule content in the dip-coated films was 
investigated by infrared spectroscopy and the film morphology by atomic force 
microscopy. It was found that the small molecule content in the films is constant with dip-
coating rate in the range investigated, but it is higher for 1-naphthoic acid than for 1-
naphthol. The main morphology observed was in the form of "islands” and “holes”, which 
is typical of flat-on lamellae. These findings are related to hydrogen-bonding between the 
small molecule and pyridine being conserved in chloroform and to the good solubility of 
both blocks in this solvent, with differences between the two small molecules related to 
their differing H-bond strengths. These findings contrast strongly with what was observed 
previously using THF as a solvent, for which the SM content increases with dip-coating 
rate and the morphologies are mainly spherical and cylindrical in the same parameter range. 
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5.2 Introduction 
Nanopatterned surfaces useful for nanotechnological applications can be 
conveniently obtained from the self-assembly of block copolymer (BC) thin films.1-5 Such 
films are frequently prepared by spin-coating, but dip-coating is an alternative preparation 
method. Among the advantages of the latter technique are that it can easily be scaled up to a 
continuous industrial process, that there is minimal material loss during the process and that 
post-annealing is not necessary, making it promising for large-scale coating applications.6,7 
Despite these advantages, dip-coating has received relatively little attention for block 
copolymer films,8-10 and mainly in connection with supramolecular BCs where block 
selective small molecules (SM) are incorporated.11-19 In these cases, the thin film 
characteristics (morphology, thickness, SM content) have been shown, for a limited number 
of systems, to be influenced by dip-coating rate, solution concentration, the SM used, and 
the solvent used. 
In this context, it is of great interest to obtain a more complete understanding of the 
parameters that control the surface patterns of dip-coated BCs. To briefly summarize some 
of the main findings to date, the Stamm group showed that films dip-coated from a solution 
of poly(styrene-b-4-vinyl pyridine) (PS-P4VP, 9 wt % P4VP) containing 2-(4’-
hydroxybenzeneazo)benzoic acid (HABA, equimolar relative to VP), which hydrogen-
bonds to P4VP, have a vertical cylindrical morphology when using dioxane as the solvent 
and a horizontal cylindrical morphology when using chloroform as the solvent; 
furthermore, the cylindrical orientation is reversible by vapor annealing in one or the other 
solvent.11,12 The type of morphology can be modified by changing the block ratio13 or the 
P4VP/HABA ratio,14 and is influenced by the differential selectivity of the solvent for the 
PS and P4VP/HABA microphases that contribute to how the system moves through the 
phase diagram during solvent evaporation.14 We recently demonstrated that dip-coating 
from spherical micellar tetrahydrofuran (THF) solutions of PS-P4VP (30 wt % P4VP) 
containing monotopic H-bonding SMs, namely 1-naphthoic acid (NCOOH) and 1-naphthol 
(NOH), where NCOOH H-bonds more strongly than NOH to P4VP,17,20 leads to films 
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whose morphology depends on the dip-coating rate, with an evolution that is different for 
the two SMs.17 
To gain a more complete understanding of the morphology evolution using NCOOH 
and NOH, we determined the SM content in the dip-coated films by infrared spectroscopy 
(FTIR)18 and extended the investigations over a wide range of dip-coating rates as well as 
other solution concentrations of PS-P4VP, always using THF as the solvent.19 First, we 
found that the film thickness varies in V-shaped fashion with dip-coating rate: at low rates, 
the thickness decreases with rate (corresponding to the so-called capillarity regime,6 rarely 
investigated previously), reaches a minimum, and then increases with rate (corresponding 
to the well-known draining regime21). This film thickness/dip-coating rate dependency 
shows the generality of the same relationship found recently for dip-coated sol-gel films6 
and for multilayered phospholipid films obtained by horizontal dragging under forced 
convection.22 No influence of the type of SM (NOH or NCOOH) or even its presence on 
the film thickness or its evolution was noted.19 On the other hand, increasing the PS-P4VP 
solution concentration shifts the curve upward on the thickness axis,19 as shown also for the 
sol-gel films.6 In reviewing the previous work with dip-coated block copolymer films in the 
light of this relationship, it became clear that our group was focusing on rates 
corresponding to the capillarity regime (up to the minimum)16,17 and the Krausch8-10 and 
Stamm11-15 groups were working in the draining regime (with little attention given to the 
effect of dip-coating rate except to some extent in ref. 9). 
The FTIR investigations greatly clarified the main reason for the observed 
morphologies and their evolution with dip-coating rate.18,19 It was found that, in the 
capillarity regime, the amount of SM in the dip-coated films is much less than in solution, 
but increases with dip-coating rate until it reaches the same SM/VP molar ratio as in 
solution in the draining regime where there is no further change. This behavior was 
attributed to washing out of the SM by the solvent (THF) during the prolonged contact of 
the depositing film with the solution (in the form of a meniscus) in the capillarity regime, 
whereas in the draining regime the wet film is dragged out of reach of the solution so that 
no washing out occurs. The increase in SM content with dip-coating rate was correlated 
with the observed morphology evolution with dip-coating rate in terms of the increasing 
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relative volume of the SM/P4VP phase. For NOH, the morphology was observed to evolve 
from spherical micellar (determined by the micellar nature of the solution) to horizontal 
cylindrical to vertical cylindrical. For NCOOH, in contrast, the morphology evolved from 
spherical micellar to horizontal cylindrical to flat-on lamellar. Surprisingly, the NOH and 
NCOOH content in the films varies in exactly the same way. However, thermal analysis of 
solution-cast films showed that the two SMs have (limited) solubility in the PS phase, 
which is greater for NOH than for NCOOH, thus rationalizing their different morphology 
evolutions.18 For film thicknesses that are less than that of a single layer of spheres, 
horizontal cylinders or a flat-on lamella, a brush layer – i.e. a layer composed of a sublayer 
of P4VP that wets the (polar) substrate covered by a sublayer of PS that has lower 
interfacial energy with air – is observed.17,20 
It must be emphasized that all of the above studies by our group were conducted 
using THF as a solvent. THF is a good solvent for PS and a nonsolvent for P4VP, thus 
leading to micellar solutions.17,23 This is supported by the fact that the micellar form and 
size in THF are the same for PS-P4VP solutions containing NOH and NCOOH and for SM-
free solutions.17 Furthermore, THF can act as an H-bond acceptor and thus compete with 
P4VP for interaction with the SMs.24 It is therefore of great interest to investigate the effect 
of other solvents on the characteristics of dip-coated films in the light of the above 
knowledge. Here, we present results for PS-P4VP/SM (SM=NOH, NCOOH) films dip-
coated in the capillarity regime using chloroform as the solvent. CHCl3 is non-selective 
with regards to PS and P4VP. It is also a weaker H-bond breaking solvent than THF, 
which, therefore, increases the H-bonding interactions in solution between the SM and 
P4VP.18,24 We will show that this change in solvent has important consequences on both the 
SM content and morphology of the dip-coated films. 
5.3 Experimental 
5.3.1 Materials 
A PS-P4VP diblock copolymer, with Mn(PS) = 41.5 kg/mol and Mn(P4VP) = 17.5 
kg/mol (29.7 wt % P4VP), was purchased from Polymer Source (Dorval, QC), and used as 
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received. 1-Naphthol (NOH, >99%), 1-naphthoic acid (NCOOH, 99.8%) and chloroform 
(CHCl3, 99.99%) were purchased from Sigma-Aldrich, Fluka and VWR, respectively, and 
used as received. Silicon wafers ({1,0,0}) were purchased from University Wafer 
(Pittsburgh, PA). Rectangular shards, cut to appropriate dimensions (approximately 10 x 5 
mm² for dip-coated films), were cleaned by immersion in CHCl3 for 5 min in an ultrasonic 
bath, wiped with Kimwipes tissue, and dried under nitrogen flow. They were additionally 
cleaned by immersion in a piranha solution [7/3 v/v concentrated H2SO4 and H2O2 (30 wt 
%)] at 90 °C for 1 h, thoroughly rinsed with Milli-Q water and dried under nitrogen flow. 
 
5.3.2 Film preparation 
Dip-coating solutions of 5 mg/mL were prepared by dissolving 25 mg of diblock 
copolymer and the required amount of SM for the SM/VP molar ratio desired in 5 mL of 
CHCl3. The solutions were stirred overnight in closed vials on a heating plate at ca. 40 °C 
and then left to cool to ambient temperature. They were filtered twice, successively through 
0.45 and 0.2 µm PTFE filters (VWR). The silicon substrates were vertically immersed in 
the solution at a rate of 5 mm/min, followed by a 30-s pause, and then they were vertically 
withdrawn from the solution at a controlled rate using a KSV 3000 Langmuir film balance. 
The films were stored under ambient conditions in covered containers. 
 
5.3.3 Fourier Transform Attenuated Total Reflection Infrared 
Spectroscopy (ATR-IR) 
ATR infrared spectra, obtained from an accumulation of 256 interferograms at a 
resolution of 4 cm-1, were recorded with a Tensor 27 Bruker Optics spectrometer equipped 
with a MCT (Mercury Cadmium Telluride) detector and a Harrick Seagull accessory. A 
hemispherical Ge ATR crystal was used with p-polarized radiation at a 65° incident angle. 
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5.3.4 Atomic Force Microscopy (AFM) 
AFM images were obtained in tapping mode using a Digital Instruments Multimode 
microscope with a Nanoscope V controller, operated under ambient atmosphere, and 
Nanoworld tips (Arrow-NCR, Al coated, spring constant 42 N/m, oscillation frequency ca. 
285 kHz). 
 
5.4 Results and discussion 
5.4.1 Dip-coated thin film composition 
PS-P4VP diblock copolymer thin films were prepared by dip-coating from CHCl3 
solutions containing either NOH or NCOOH, for comparison with the previously studied 
THF solutions.18 As mentioned in the Introduction, it was found that the SM content in 
films (denoted as the SM/VP uptake ratio) dip-coated from THF solution increases with 
dip-coating rate in the capillarity regime. This was related in part to THF being an H-bond 
breaker due to the presence of a highly electronegative oxygen atom, which competes with 
the pyridine ring for H-bonding interactions.24 In contrast, CHCl3 does not possess this 
characteristic and thus should favor greater H-bond complexation between the pyridine ring 
and the SM. In addition, both blocks of the PS-P4VP copolymer are soluble in CHCl3 
giving more accessibility of the SM to the free P4VP block, which is not sequestered in the 
center of a micelle as in THF solutions. CHCl3 also should not result in micelle deposition 
(i.e. spherical morphology) on the substrate at slow dip-coating rates as for THF. 
Figure 5.1 shows the ATR-IR spectra used to calculate the SM/VP uptake ratio. For 
quantitative measurements, absorption bands without significant overlap between the 
different components were chosen. Specifically, as described elsewhere,18 we measured the 
absorbance (height) of the bands at 1387 and 1510 cm-1 for NOH and NCOOH, 
respectively, relative to the absorbance of the PS-P4VP band at 1493 cm-1 (all three bands 
being ring stretching modes). This was done first to determine calibration plots with films 
that were solvent-cast from solutions of various SM/VP molar ratios (0.25, 0.5, 0.75 and 1), 
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which necessarily give the same molar ratios in the films.18 These calibration plots were 
then used to quantify the SM/VP uptake ratio in the dip-coated films for which the same 
absorbance measurements were done. The results for three dip-coating rates (capillarity 
regime) using equimolar (relative to VP) NOH and NCOOH solutions as well as a half-
equimolar NCOOH solution are shown in Figure 5.2. 
 
 
Figure 5.1. ATR-IR spectra of PS-P4VP thin films dip-coated from CHCl3 solutions 
containing equimolar (relative to VP) NOH and NCOOH. The bands indicated by an 
arrow, notably 1387 cm-1 (NOH), 1510 cm-1 (NCOOH) and 1493 cm-1 (PS-P4VP), 
were used to calculate the SM/VP uptake ratio according to ref. 18. 
 
The data in Figure 5.2 clearly show two major differences in the dip-coated films 
when using CHCl3 instead of THF as solvent. First, there is no change in the SM/VP uptake 
ratio with dip-coating rate for CHCl3 in the range investigated (capillarity regime), 
compared to a strong increase with dip-coating rate for THF. Second, the uptake ratio is 
much greater for NCOOH (0.80-0.85) than for NOH (∼0.55) for the same ratio in solution 
(equimolar here), whereas THF shows no difference between NCOOH and NOH. The 
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uptake ratio of 0.35-0.40 for the 0.5 NCOOH solution is about half of that for the equimolar 
solution; i.e., the uptake ratio is proportional to the ratio in solution, as found also for THF. 
 
 
Figure 5.2. SM/VP uptake ratio as a function of dip-coating rate in PS-P4VP films 
dip-coated from CHCl3 solutions containing NCOOH (solution SM/VP ratios = 0.5 and 
1.0) and NOH (solution SM/VP ratio = 1.0). 
 
These results are consistent with there being significant H-bonding between the 
SMs and P4VP in CHCl3 solution, which reduces or prevents washing out of SM during the 
dip-coating process. The greater uptake ratio for NCOOH- than for NOH-containing films 
can be attributed to the fact that NCOOH forms a stronger H-bond with P4VP than NOH 
does.17,18,20 This can result in less washing out of NCOOH than NOH during the dip-
coating procedure in the capillarity regime and can reflect the degree of H-bonding in 
CHCl3 between the SM and P4VP, which would thus be greater for NCOOH due to its 
stronger H-bond with P4VP. Interestingly, the stronger NCOOH-P4VP H-bond still does 
not give an uptake ratio that reaches the ratio in solution. The observation that the uptake 
ratios appear constant with dip-coating rate (in the range investigated) can also be 
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understood by the fact that H-bonding is present in solution. It will be of interest to extend 
this study to the draining regime to determine if the uptake ratios will evolve to that in 
solution as for THF, a study which is currently in progress. 
 
5.4.2 Dip-coated thin film morphology 
Figure 5.3 presents AFM topographical images that illustrate the evolution of 
morphology in the same dip-coated thin films as prepared for the composition analysis 
above, as well as of films prepared from SM-free CHCl3 solutions. In all cases, the thin 
film surfaces are characterized by “islands” and “holes”. This pattern is typical of the face-
down lamellar morphology in the form of terraces, which is related to incommensurability 
between the film thickness and the natural periodicity of the block copolymer.25 In SM-free 
and especially NOH-containing thin films, some stripes are also present, which can be 
associated with either edge-on lamellae or horizontal cylinders.  
The lamellar morphology (possibly mixed with cylindrical morphology in some 
cases) differs strongly from the morphologies observed for the same films cast from THF, 
which, in the capillarity regime, are either spherical or cylindrical for up to equimolar 
SM/VP solutions. This can be explained by the difference in uptake ratios combined with 
relative solvent swelling of the two blocks as the solvent evaporates from the deposited 
films. As reference, the equilibrium morphology expected in the bulk for the block 
copolymer used, for which the volume ratio of the P4VP block is 30%, is close to the 
boundary between cylindrical and lamellar.26 For the SM-free solutions in the capillarity 
regime, THF leads to films with a spherical morphology, which can be related to the 
micellar nature of the solutions caused by the poor solubility of the P4VP block in THF.19 
The implication is that the solution micelles are frozen into the dried dip-coated films, 
probably because the necessary mobility for molecular rearrangement is lost before the 
decrease in THF, which is concentrated in the PS phase, reaches a point where a 
morphology closer to equilibrium in the dried film is favored. In contrast, in these same 
(SM-free) films dip-coated from CHCl3 solutions, the morphology is similar to that 
expected in the bulk, which is consistent with CHCl3 (as a common solvent for both blocks) 
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being approximately equally distributed between the PS and P4VP phases as the film dries. 
In this case, the presence of stripes is probably indicative of a coexisting cylindrical 
morphology, since the P4VP volume ratio puts the system near the boundary between 
cylindrical and lamellar bulk equilibrium morphologies. 
In the NOH- and NCOOH-containing films dip-coated from CHCl3 solutions, the 
situation is similar except that the P4VP phase is expected to be further swelled due to the 
preferential segregation of the SMs in this phase, which puts the system still deeper into the 
lamellar morphological region (about 50% P4VP/SM for equimolar VP/SM if all of the SM 
is segregated in the P4VP phase). It might thus be concluded that the presence of coexisting 
stripes observed in some of the images (1.0 NOH at all three dip-coating rates and 0.5 
NCOOH at 1 mm/min) should be side-on lamellae, knowing that morphological orientation 
is influenced by solvent evaporation rate combined with film thickness effects.27 However, 
a frozen-in morphology reflecting the cylindrical/lamellar boundary condition is possible if 
the small molecule reduces the solubility of the P4VP phase in CHCl3, to thus cause greater 
solvent swelling of the PS phase compared to the P4VP phase. Reduced solubility of P4VP 
was noted, for example, for PS-P4VP mixed with 3-n-pentadecylphenol (PDP) in CHCl3.26 
In another study, formic acid was found to provoke micellization of PS-P4VP in CHCl3.28 
In this context, the absence of stripes for the NCOOH films compared to the NOH films 
dip-coated from equimolar SM/VP solutions implies that NOH but not NCOOH results in a 
sufficiently small P4VP-rich phase before molecular immobilization sets in to freeze in the 
cylindrical/lamellar boundary morphology. This can be explained by the fact that there is 
much less NOH than NCOOH taken up in the dip-coated films. Additional contributions to 
reduced swelling of the P4VP phase might be caused by a certain fraction of the SM being 
dispersed in the PS phase, which, as found previously,17,18 is significantly greater for NOH 
than for NCOOH, and by a possibly greater decrease in P4VP solubility induced by NOH 
compared to NCOOH. 
Further investigations are in progress to obtain a more complete understanding of 
the phenomena in dip-coated films of these supramolecular diblock copolymers, including 
in the draining regime and using other solvents. As indicated by the above discussion, the 
dip-coating process is a complex one, with a number of factors contributing to the final 
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morphology. The most straightforward contribution, for which quantitative information is 
available by infrared analysis, is the amount of small molecule in the film, which, as shown 
above and in previous publications,17-19 is often less than that in solution depending on the 
solvent used, and can vary with dip-coating rate. In addition, it is necessary to consider 
factors that include the SM distribution between the two phases as well as the influence of 
the SM on block solubility and therefore the relative extent of phase swelling by the solvent 
in the drying film. The morphologies observed are generally not equilibrium morphologies, 
which would require thermal annealing, but are strongly influenced by the solvent present 
during the drying process, particularly at the point where molecular mobility becomes too 
sluggish to permit further morphological adjustment as the solvent continues to evaporate. 
In this connection, it should be added that the presence of SM can exert a plasticizing effect 
and permit the morphology to evolve to a greater extent of dryness than for films 
containing less or no SM (depending also on the SM properties).26 Another important 
aspect is the film thickness which, along with solvent evaporation rate, can strongly 
influence the morphological orientation, particularly edge-on versus face-down lamellae or 
vertical versus horizontal cylinders.27 
 
5.4 Conclusions 
This contribution has shown that the solvent used to prepare dip-coated 
supramolecular block copolymer films can have a strong influence on the characteristics of 
these films. In contrast to THF, which gives micellar solutions, CHCl3 is a good solvent for 
both blocks of the PS-P4VP diblock copolymer used. CHCl3 is also not a hydrogen-bond 
competitor for P4VP, as is THF, such that H-bonding between P4VP and the H-bonding 
small molecules used take place in CHCl3 but not THF. One consequence is that the SM 
content taken up in the films is constant as a function of dip-coating rate in the “capillarity 
regime” when using CHCl3 as solvent, in contrast to using THF, for which the SM content 
increases with dip-coating rate. It also results in greater SM content in the films for SMs 
with a stronger H-bond with P4VP. A second consequence is that the lamellar regime is 
favored when using CHCl3, in contrast to spherical and cylindrical for the same systems 
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when using THF, explained in part by the greater SM content in films dip-coated from 
CHCl3 solutions compared to THF solutions and in part by kinetic effects related to 
different extents of solvent swelling of the microphase-separated phases and eventual loss 
 
 
 
Figure 5.3. Topographic AFM images of PS-P4VP films dip-coated at the rates 
indicated from chloroform solutions that are SM-free and that contain NOH (SM/VP 
ratio = 1.0) or NCOOH (SM/VP ratio = 1.0 or 0.5). 
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of molecular mobility which freezes in particular morphologies along the kinetic pathway 
in the drying films. 
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Chapitre 6 
Gold Nanoparticle Deposition on Solvent-Annealed 
Supramolecular PS-P4VP Diblock Copolymer Thin Films 
 
6.1 Abstract 
Diblock copolymer thin films are often used as templates for nanolithography. We 
propose for that purpose to use dip-coated supramolecular poly(styrene-b-4-vinyl pyridine) 
(PS-P4VP) thin films complexed with small molecules, 1-naphthol (NOH) and 1-naphthoic 
acid (NCOOH), thanks to the selective adsorption of gold nanoparticles on P4VP. In this 
study, the films were first solvent annealed with tetrahydrofuran (THF) vapor, which leads 
to improved long-range order, along with terracing. In detail, for films with dot 
morphology, only the terrace that consists of a monolayer of P4VP spheres in a PS matrix 
(T1) shows long-range hexagonal order, whereas the thicker terraces do not. The initial 
average thickness, controlled by the dip-coating rate, is a key parameter for determining the 
fraction of T1 area. Hexagonally ordered films were used as templates to guide the 
deposition of 15-nm diameter gold nanoparticles on the P4VP dots, whose number and 
interparticular distance can be tuned by changing the absolute and relative molecular 
weights of the blocks. These hybrid thin films can be of interest for the development of 
novel biosensors. 
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6.2 Introduction 
Block copolymer thin films are commonly used as templates for nanolithography, 
constituting a bottom-up technique based on the phase separation of the blocks into well-
defined patterns.1-5 These templates are attractive since they can reach dimensions of a few 
tens of nanometers whereas the classical top-down methods, such as conventional 
lithography, are limited to about 100 nm. The design of diblock copolymer templates 
usually needs annealing to attain long-range order. Solvent annealing is more convenient 
than thermal annealing since it avoids the potential degradation of the film due to the 
plasticizing ability of the solvent, which allows ambient temperature annealing.6 However, 
the influence of the solvent on the morphology must be considered, particularly the 
selectivity of the solvent toward the blocks,7,8 the vapor pressure of the solvent during 
annealing, swelling effects leading to terracing9,10 or, when dealing with supramolecular 
thin films, competitive interactions of the solvent that can interfere with the supramolecular 
bonds.11 
These films can serve as templates to produce hybrid materials composed of 
inorganic nanoparticles and organic materials. The ability of the pyridine ring of the poly(4-
vinyl pyridine) (P4VP) block to complex to metals makes the poly(styrene-b-4-vinyl 
pyridine) (PS-P4VP) an ideal candidate for such materials. It has been shown, for example, 
that P4VP can complex gold ions in solution,12-14 or after spin-coating and solvent 
annealing.15-22 As an example, Gowd et al. selectively adsorbed 4-5 nm metallic 
nanoparticles, including gold, onto P4VP dots in dip-coated and solvent annealed PS-P4VP 
thin films, leading to hexagonal arrays of metallic dots after degradation of the polymer 
film by pyrolysis.22 
In previous studies, we investigated the evolution of the morphology of thin films of 
PS-P4VP complexed with small molecules as a function of dip-coating rate.23-25 We 
showed that the average film thickness first decreases in the so-called “capillarity regime”, 
reaches a minimum, and then increases in the “draining regime”.26,27 The film composition, 
notably the small molecule/vinyl pyridine (SM/VP) uptake ratio, is also determined by the 
dip-coating rate, especially when dealing with micellar solutions. Since the small molecule 
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selectively concentrates in P4VP domains through hydrogen bonding interactions, this 
influences the morphology of the film by changing the PS/P4VP relative volume fraction. 
Here, we present a simple and robust method to assemble 15-nm gold nanoparticles 
(AuNP) on dip-coated PS-P4VP thin films complexed with small molecules (NOH or 
NCOOH), expanding on the approach used in refs. 21 and 22. This study is divided into 
two parts. The first part focusses on the solvent annealing of dip-coated PS-P4VP 
supramolecular thin films in order to obtain morphologies with long-range order. The 
second part describes the adsorption of gold nanoparticles on such films. The self-assembly 
of the film in the form of hexagonally ordered dots or of stripes determines the arrangement 
of the nanoparticles, giving rise to hexagonally arranged gold nanoparticles or linearly 
aligned, respectively, over a wide area. 
 
6.3 Experimental 
6.3.1 Materials 
The poly(styrene-b-4-vinyl pyridine) (PS-P4VP) block copolymers, whose 
molecular weight characteristics are given in Table 6.1, were purchased from Polymer 
Source (Dorval, QC) and used as received. 1-Naphthol (NOH, >99%) and 1-naphthoic acid 
(NCOOH, 99.8%) were purchased from Sigma-Aldrich and Fluka, respectively, and used 
as received. Tetrahydrofuran (THF, 99.99%) and chloroform (CHCl3, 99.99%) were 
purchased from VWR, and used as received. Silicon wafers ({1,0,0}), purchased from 
University Wafer, were cut into rectangular-shaped shards (1 x 2 cm²), washed with THF in 
an ultrasonic bath for 20 min, dried under nitrogen flow, then put in a piranha solution [7/3 
v/v concentrated H2SO4 and H2O2 (30 wt %)] at 90 °C for 30 min, thoroughly rinsed with 
Milli-Q water and dried under nitrogen flow. 
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Table 6.1. Molecular weight characteristics of the PS-P4VP block copolymers used.a 
Mn(PS)–Mn(P4VP) 
(kg/mol) 
PDI 
 
wP4VP 
(%) 
31.9-13.2 1.08 29.3 
41.5-17.5 1.07 29.7 
78.9-30.3 1.22 27.7 
a Mn : block molecular weight; PDI : polydispersity index; wP4VP : wt % of the P4VP block. 
 
6.3.2 Thin film preparation 
Dip-coating solutions of 5 mg/mL (with respect to the copolymer) were prepared by 
adding 25 mg of block copolymer and the appropriate amount of small molecule to 5 mL of 
THF, to have equimolar SM/VP ratio. The solution was stirred on a hot stage overnight at 
ca. 40 °C. The detailed procedure for dip-coating is described elsewhere;28 typically, the 
substrate was dipped in the prepared solution at a rate of 5 mm/min, followed by a 30-s 
pause, and then withdrawn at the desired rate. After dip-coating, the films were solvent-
annealed at room temperature (21 °C) in a closed desiccator with 60 mL of THF for the 
desired time. After annealing, the sample was quickly removed from the recipient so that 
the solvent evaporates in a few seconds. The film was immediately exposed to UV light 
(MINERALIGHT, model UVG-11, λ = 254 nm, 4 W; Ultra-Violet Products, Inc.) for 2 h 
which generated free radicals on the main polymer chain initiating reactions between 
chains.29,30  The resulting cross-linking prevented any chain mobility during the adsorption 
of the gold nanoparticles. 
 
6.3.3 Gold nanoparticle synthesis 
Gold nanoparticles (AuNPs) were synthesized using the citrate reduction of HAuCl4 
aqueous solution method developed by Turkevich.31-33 Typically, a 50-mL solution 
containing 0.25 mM [HAuCl4]·3H2O was brought to boiling point with vigorous stirring. 
Then, a 5 mL solution of 0.5 wt % sodium citrate was added to the boiling solution to 
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induce the gold reduction. The progressive change in color (yellow, colorless, grey, purple, 
and finally wine red) proved the completion of the synthesis of the gold nanoparticles. As 
soon as the solution reached a wine red colour, it was allowed to cool down to room 
temperature, stored at 4 °C, and used within two weeks. The diameter of the nanoparticles, 
as measured by TEM, is 15 nm ± 3 nm. 
6.3.4 Gold nanoparticle adsorption 
An aliquot of solution of gold nanoparticles was allowed to reach room temperature. 
A freshly annealed block copolymer film was soaked in the solution for the desired period 
of time. It was then rinsed with milli-Q water to remove any poorly adsorbed nanoparticles 
and blow-dried with nitrogen. 
6.3.4 Atomic Force Microscopy (AFM) 
AFM images were obtained in tapping mode using a Multimode microscope 
controlled by a Nanoscope V controller (Digital Instruments), operated under ambient 
atmosphere. The tips (Arrow-NCR, Al coated, spring constant 42 N/m, oscillation 
frequency ca. 285 kHz) were obtained from Nanoworld. Film thicknesses were determined 
from AFM images of scratches made with a scalpel. See supporting information for 
Voronoi analysis. 
6.3.5 Optical microscopy 
Optical micrographs were obtained in reflection mode using a Zeiss Axioskop 40 
optical microscope with non-polarized incident light. 
6.3.6 Scanning Electron Microscopy (SEM) 
SEM images were captured using a JEOL JSM-7400F High Resolution Field 
Emission Scanning Electron Microscope, operated at 1.0 kV in the lower secondary 
electron imaging mode. No coating was necessary for the imaging. 
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6.3.7 Transmission Electron Microscopy (TEM) 
TEM images were captured using a Philips Tecnai 12 Transmission Electron 
Microscope, operated at 80 kV in the bright field imaging mode. Prior to dip-coating, the 
silicon substrates used for TEM were thermally annealed overnight in an oven at 700 °C 
under ambient atmosphere to create a thicker oxide layer, which eases the floating of the 
films on a 5 wt % hydrofluoric acid (HF) solution due to the dissolution of the silicon oxide 
layer by the HF solution. The floating films were picked up with a copper grid and exposed 
for 3 h to I2 vapor. 
 
6.4 Results and discussion 
6.4.1 Solvent annealing 
Vapors of solvent cause the plasticization of the PS-P4VP thin films leading to glass 
transition temperatures that are below ambient temperature. The mobility of the polymer 
chains is greatly increased, allowing a rearrangement of the nodules over a microscopic 
scale. Figure 6.1 shows the effect of annealing from 0 to 120 min of a PS-P4VP/NOH 
(equimolar VP:NOH) film dip-coated at 2 mm/min (thickness ~20 nm), which yields quasi-
hexagonally ordered dot morphologies, on the long-range ordering. The AFM images were 
analyzed with Voronoi diagrams to point out the defects in the hexagonal order (see 
Supporting Information for further details). In a perfect hexagonal order, each dot has six 
neighbours. Defects in the arrangement are always in pairs, where one dot has seven 
neighbours whereas a nearby dot has only five (5-7 pair defects). These are depicted in the 
Voronoi diagrams in red and blue, respectively. 
In Figure 6.1.a, after dip-coating, the film contains a large number of pair defects, 
which starts to decrease even after 15 min of annealing (Figure 6.1.b). Upon annealing, this 
number decreases further more (Figures 6.1c and 6.1.d), becomes small after 90 min of 
annealing (Figure 6.1.e) and is close to 0 at 120 min (Figure 6.1.f). This evolution in the 
defects during annealing follows a pattern described elsewhere.34 In the as-coated films and 
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the very early stage of annealing, the grains have random orientation, their size being small 
enough so that they can be seen on a single 2x2 µm2 AFM image. The defects are 
concentrated at the boundaries between grains, since the dots have to adapt to the change of 
direction of the grains and the boundary is the least energetic location where stress can be 
released. As annealing time increases, the grains merge into larger ones, as shown by the 
single line defect in Figure 6.1.d. After further annealing, the size of the grain, consisting of 
one specific orientation in the hexagonal order, is larger than the size of the scanning area, 
thus leading to an AFM image with almost perfect hexagonal order. 
 
 
Figure 6.1. AFM topographical images (2 x 2 µm2) of PS-P4VP/NOH (41.5k-17.5k) 
thin films dip-coated at 2 mm/min after the indicated times of annealing in THF vapor. 
The AFM images are superimposed with Voronoi diagrams to detect the 5-7 pair 
defects (number per image indicated in parenthesis). 
15 min (40) 30 min (28)
60 min (25) 90 min (10) 120 min (3)
b c
d e f
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Microscopic changes during solvent annealing can also be observed and are related 
to the ordering process. This is shown in Figure 6.2.a-c, which presents optical micrographs 
at different stages of annealing for another PS-P4VP/NOH thin film dip-coated at 2 
mm/min. These micrographs are indicative of an evolution in the terracing behavior of the 
film.9,35 Right after dip-coating (Figure 6.2.a), the film shows a typical type of dewetting in 
dip-coated films, where rims occur during the drying stage after the film is removed from 
the dip-coating solution.23,36 In THF vapor, the film, which has an average thickness of 20 
nm, develops up to three well-defined terraces. These are labeled T0, T1 and T2 in order 
from the thinnest to the thickest. T0 consists of a PS-P4VP brush layer, which shows no 
lateral pattern. T1 is a monolayer of spherical dots (micelles) morphology and T2 consists 
of two layers of spherical micelles.23,35 The dip-coated film before annealing consists 
mainly of T1, surrounded by the rims. After 60 min of annealing (Figure 6.2.b), the rims 
widen and decrease in height to create the T2 terrace, as indicated by the lighter colour 
compared to the rims. As annealing time increases, the T2 areas become still wider (Figure 
6.2.c) to finally merge into larger islands (Figure 6.2.d). In some places (e.g., Figure 6.2.d), 
T0 can be seen but is marginal in area compared to the other terraces. The ordering process 
was only observed on T1 terraces, thicker terraces always showed poor long-range (high 
number of pair defects), as seen in Figure 6.2.e-f. Well-organized dot morphology on T1 
can be explained by the presence of the very smooth surface of the underlying silicon 
substrate. On the contrary, T2 is composed of two layers of spheres and the order of the 
upper layer may be influenced by the position of the bottom layer, which is not as smooth 
as the substrate. Thus, this can diminish the positional order of the dot morphology 
observed by AFM. The ordering process during solvent annealing seems to be governed by 
grain fusion, as shown by Figure 6.1. It seems that the defects are rejected to the sides of 
the T1 terrace by an autophobic phenomenon, leading to more material in the T2 terrace. 
The transition between T1 and T2 terraces reveals poor long-range order areas even on the 
T1 terrace (see Figure 6.SI-1). 
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Figure 6.2. Optical micrographs showing the evolution of the morphology of a dip-
coated PS-P4VP/NOH (41.5k-17.5k) thin film made at 2 mm/min as a function of 
time: (a) as dip-coated (0 min); after (b) 60, (c) 120, (d) 990 min; AFM topographical 
images (z = 12 nm) of the (e) T1 and (f) T2 terraces of the sample in image d. OM 
scale bars = 40 µm. 
 
The percentage of T1 area and the defect density (number of pair defects per 2 x 2 
µm2 area) as a function of the annealing time is plotted in Figure 6.3. As the annealing time 
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increases, the T1 percentage decreases to reach a plateau at about 3 h beyond which no 
further change is observed (tested up to about 17 h). At this point, about half of the film is 
composed of T1 and the other half of T2 (with negligible proportion of T0). There is a 
parallel decrease in defect density in the T1 areas as if the defects are rejected toward T2 
along with the excess material in T1, suggesting a correlation between the nanoscopic and 
the microscopic scales in the annealing process. In the following paragraphs, the expression 
long-time annealing will be used to indicate that annealing was conducted long enough to 
exhibit no further change in area percentage. This corresponds to an annealing time of 990 
min. In fact, 990 min is much longer than the time needed to reach the plateau (Figure 6.3). 
 
 
Figure 6.3. Evolution of T1 percentage and number of pair defects as a function of 
annealing time for a PS-P4VP/NOH (41.5k-17.5k) film dip-coated at 2 mm/min. Inset 
shows a pair defect detected by the Voronoi method. 
 
As indicated above, T1 is the only terrace showing almost perfect long-range 
hexagonal order after long-time annealing but covers about 50% of the film studied. 
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Consequently, it is of interest to determine if there is a correlation between the initial 
average film thickness and the percentage area of T1 after long-time annealing in THF 
vapor, and therefore an optimal initial average thickness required for the substrate to be 
entirely covered by only T1. Figure 6.4 shows three optical images representing thin films 
dip-coated at 1, 2, and 5 mm/min, yielding films with initial average thicknesses of 37, 22 
and 11 nm, respectively and exposed to THF vapor for 990 min. These images show the 
appearance of several terraces, especially for the thicker films (dip-coated at low rates). In 
particular, Figure 6.4.a shows T1, T2 and T3 (no T0). Figure 6.4.d gives the evolution of 
the percentage of T1 area as a function of initial average thickness measured. It shows 
approximately linear decrease of the T1 fraction with initial thickness. In all cases, almost 
perfect long-range hexagonal order is achieved in T1 by THF vapor annealing, as described 
above. For the thinnest PS-P4VP/NOH film investigated (Figure 6.4.c), for which only a 
featureless layer is observed in the as dip-coated film,23,24 long-time annealing leads to 
almost complete coverage of the substrate by T1. Significantly, the small areas of T0 in the 
films appear to be mainly caused by dewetting initiated by impurities such as dust. 
Besides THF, used in the above investigations, annealing in CHCl3, a good solvent 
for both blocks, was also explored briefly. Stamm and coworkers used CHCl3 vapor to 
change the morphology of PS-P4VP/hydroxy(benzeneazo)benzoic acid (HABA) thin films 
dip-coated in dioxane solution from vertical to horizontal cylinders.37,38 In previous work, 
we showed that the use of CHCl3 as the dip-coating solvent for films of PS-P4VP/small 
molecule (41.k-17.5k) leads to mixture of horizontal cylinders and flat-on lamellae for 
NOH-containing films, and only flat-on lamellae for NCOOH-containing PS-P4VP films.39 
As shown in Figure 6.5.a-b, annealing in CHCl3 vapor of the PS-P4VP/NOH film dip-
coated from THF changes the morphology from dot to stripe. This can be understood by the 
fact that THF in the still-wet deposited film swells the PS phase selectively such that its 
volume fraction favours the spherical morphology, which is then frozen in upon final 
evaporation of THF. During exposure to CHCl3 vapor, both blocks swell to a similar extent 
so that the natural cylindrical morphology corresponding to the PS/(P4VP+NOH) volume 
ratio is retrieved. 
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Figure 6.4. (a-c) Optical micrographs of long-time annealed PS-P4VP/NOH (41.5k-
17.5k) thin film dip-coated at (a) 1 mm/min (~37 nm), (b) 2 mm/min (~22 nm) and (c) 
5 mm/min (~11 nm). (d) Evolution of the percentage of T1 after long-time annealing as 
a function of the initial average film thickness. Scale bars = 40 µm. 
 
It was also verified if the stripe morphology obtained by dip-coating (2 mm/min) for 
a film of PS-P4VP complexed with NCOOH23 would evolve or not by annealing in THF 
vapor (Figures 5.c-d). As a reminder, the carboxylic acid of NCOOH binds stronger to 
P4VP than the hydroxyl moiety of NOH, leading to a greater concentration of NCOOH in 
P4VP than of NOH.23 During annealing, THF vapor swells preferentially the PS phase. As 
a result, the cylindrical block copolymer thin film reorganizes into spheres. Moreover, THF 
is capable of breaking the NCOOH-P4VP interactions and could redistribute the small 
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molecule in the PS matrix, which would also favour this morphological change.11 At the 
end of the annealing, hexagonally organized PS-P4VP thin film is obtained, as was 
observed for NOH-containing PS-P4VP thin films. Measuring the amount of small 
molecule could also be necessary to explain the change in morphology. During annealing, 
the small molecule could be removed from the film and change its composition, yielding 
the spherical morphology. This hexagonal pattern could also indicate a reorientation of the 
cylindrical morphology, leading to vertical cylinders, as observed by Stamm and coworker, 
with PS-P4VP/HABA thin films upon exposure to dioxane vapor.37,38 
 
 
Figure 6.5. AFM topographical images of PS-P4VP (41.5k-17.5k) thin films 
complexed with (a, b) NOH and (c, d) NCOOH, dip-coated from THF solution at 2 
mm/min (a, c), and after long-time annealing in (b) CHCl3 and (d) THF. 
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6.4.2 Adsorption of gold nanoparticles 
Adsorption of 15-nm gold nanoparticles was accomplished on a PS-P4VP/NOH thin 
film (initial thickness before solvent annealing ~15 nm) that was annealed for 990 min, 
giving a dot morphology film with long-range order and about 80% T1 coverage. The 
P4VP-containing dots immobilize the AuNPs, via electrostatic interaction between 
negatively charged AuNP and positively charged pyridyl group.40 When this film is put into 
contact with the AuNPs solution, the gold nanoparticles adsorb specifically on the P4VP 
sites, leading to an “epitaxial” ordering of the particles on the film. Cross-linking by 
exposition to UV light was found to be mandatory to avoid the swelling of the P4VP chains 
by the AuNP solution and consequent reconstruction of the template, causing isotropic 
adsorption (see Figure 6.SI-2 in the Supporting Information). 
Figure 6.6 shows SEM and AFM images of PS-P4VP/NOH films immersed into the 
AuNP solution for 10 and 30 min, respectively. Both images show the AuNPs adsorbed 
selectively on the P4VP dots, as anticipated, and thus in the form of a well-ordered array of 
AuNPs. The diameter of the AuNPs and the P4VP sites are such that only one AuNP can fit 
on one dot, leading to an almost perfect hexagonal arrangement of mostly single gold 
nanoparticles separated by a distance of about 30 nm, which corresponds to approximately 
twice the diameter of a single nanoparticle. 
Very few voids (P4VP dots with no AuNP) are observed on the samples in Figure 
6.6.b, although there appear to be more for the shorter immersion time (SEM image) than 
for the longer immersion time (AFM image). It is therefore of interest to determine the 
minimum immersion time required for essentially complete AuNP adsorption. Figure 6.7 
presents the kinetics of adsorption of gold nanoparticles on the T1 terrace of annealed PS-
P4VP thin films prepared as for Figure 6.6. The number of nanoparticles reaches a 
maximum value of 360/µm², which corresponds to a coverage of about 100 % of the P4VP 
sites. 
The kinetics of adsorption can be related to a Langmuir isotherm, assuming that 
there is one AuNP adsorbed on each P4VP dot, that all of the P4VP sites are equivalent and 
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that adsorption at one site is independent of the adsorption at other sites. The Langmuir 
isotherm describes the surface coverage over time by the equation: 
 
Figure 6.6. (a) SEM and (b) AFM topographic (2 x 2 µm², z = 25 nm) micrographs of 
annealed PS-P4VP/NOH (41.5k-17.5k) thin films adsorbed with gold nanoparticles for 
(a) 10 min and (b) 30 min. 
 
 ݀ߠ݀ݐ = ݇௔ሺ1 − ߠሻܿ − ݇ௗߠ (6.1)
where ߠ is the fraction of occupied P4VP sites, ܿ is the gold nanoparticle concentration, and 
݇௔ and ݇ௗ are the association and dissociation constants, respectively. Integrating Equation 
200 nm
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b
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6.1, and writing ݇′	 = 	ܿ/[ܿ +	ሺ݇௔݇ௗሻ]	and ݇	௢௕௦ 	= 	 ݇௔ܿ	 +	݇ௗ give the evolution over 
time of the adsorption of gold nanoparticles on P4VP dots as: 
 θሺtሻ = k′൫1 − eି୩౥ౘ౩୲൯ (6.2)
Equation 6.2 was used to fit the experimental data in Figure 6.6, using ݇ ′ = 0.98 and 
݇௢௕௦ = 0.15 min-1. 
 
Figure 6.7. Fraction of occupied P4VP sites on the T1 terrace of a PS-P4VP thin film 
(41.5-17.5/NOH) measured on 2 x 2 µm² AFM images as a function of time of 
adsorption (immersion in the AuNP solution). The line was plotted using Equation 6.2. 
 
Oversaturation of the surface was not observed at longer adsorption times. Some 
aggregates of nanoparticles were observed but may be attributed a transfer of AuNP 
aggregates in the solution, since freshly synthesized solutions of nanoparticles did not show 
aggregates of nanoparticles on the surface of the copolymer thin film. 
By modifying the molecular weight of the block copolymer, the distance between 
the P4VP dots can be tuned at will, as long as the dot morphology is still obtained. This 
leads to a simple way to change the distance between the adsorbed gold nanoparticles. To 
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test this, PS-P4VP of two additional molecular weights with similar P4VP content were 
used. Figure 6.8 shows the SEM images of the dip-coated and solvent annealed films after 
saturated adsorption of gold nanoparticles. The adsorption was also completed after 30 min 
of exposure to the AuNP solution for the two molecular weights. The lowest molecular 
weight used (31.9k-13.2k) gives results very similar to that reported above for 41.5k-17.5k; 
that is, predominantly adsorption of a single AuNP per P4VP dot. In contrast, for the 
highest molecular weight used, the size of the P4VP dot is such that there is enough room 
for two and, sometimes, even three gold nanoparticles. This can be seen in the TEM images 
shown in the Figure 6.9a using the 78.9-30.3k block copolymer template. In parallel to the 
observation of the high-contrast AuNPs, the iodine vapor, which specifically stains the 
pyridine ring to create contrast between PS and P4VP, allows the observation of the P4VP 
dots, which appear lightly gray, compared to the white PS matrix. This directly proves that 
the AuNPs adsorb only on P4VP and that the PS matrix does not attract AuNPs (Figure 
6.9b). 
 
Figure 6.8. SEM micrographs of THF vapor-annealed PS-P4VP/NOH thin film dip-
coated at a rate of 2 mm/min, for block copolymer molecular weights of (a) 31.9k-
13.2k and (b) 78.9k-30.3k, after immersion in a AuNP solution for 30 min. 
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Figure 6.9. (a) TEM image of a I2-stained thin film showing the specific adsorption of 
gold nanoparticles onto a PS-P4VP/NOH film (78.9k-30.3k). (b) Zoom of the same 
film. The dotted circle highlights the boundary between PS and P4VP phases. 
 
In a final experiment, AuNP adsorption was applied to the stripe morphology, 
which should lead to the alignment of gold nanoparticles on the protruding stripes of P4VP. 
Figure 6.10 exhibits SEM and AFM images of such a film that was immersed in the AuNP 
solution for 30 min. Clearly, gold nanoparticles have been adsorbed to a high extent, so that 
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linear sequences reflecting adsorption along the stripes are obvious (i.e., many are closer to 
one other along the stripe than between neighbouring stripes). Nevertheless, except for 
where there are aggregates, they tend not to touch each other, possibly due to surface 
charges creating electrostatic repulsions. 
 
 
Figure 6.10. (a) SEM and (b) AFM topographic (4 x 4 µm², z = 30 nm) micrographs of 
PS-P4VP/NCOOH (41.5-17.5k) thin film dip-coated from THF solution at 2 mm/min, 
giving a stripe morphology, followed by immersion in a AuNP aqueous solution for 30 
min. 
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6.5 Conclusions 
We investigated the effect of solvent annealing on terracing and nanodot ordering of 
dip-coated supramolecular PS-P4VP thin films. We were able to obtain almost perfect 
long-range hexagonal order in the T1 terrace, which consists of a monolayer of P4VP 
spheres in a PS matrix, by exposing the film to THF vapor for a minimum of 3 h. The 
average film thickness before solvent annealing, which is controlled by the dip-coating rate, 
is a key factor to maximize the T1 area percentage by THF vapor annealing. This 
percentage increases linearly with decreasing film thickness. Solvent vapor annealing is 
also useful to reveal the dot morphology for films having a thickness below critical value 
(~13 nm for 41.5k-17.5k), related to the brush layer. Choosing the proper solvent for 
annealing can change the morphology from stripes to dots (THF) and vice versa (CHCl3), 
related to the relative swelling of the two blocks by the solvent. 
Finally, we have demonstrated that the solvent annealed supramolecular PS-P4VP 
thin films can successfully be used as templates to obtain hexagonally ordered arrays of 
predominantly single gold nanoparticles as well as alignment of the AuNPs using templates 
with dot and stripe morphology, respectively. The kinetics of AuNPs adsorption was 
studied, and fully adsorbed thin film can be obtained after 30 min. The adsorption behavior 
follows the Langmuir isotherm. Interparticular distance can be tuned by choosing the 
appropriate block copolymer molecular weight. 
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6.8 Supporting Information 
6.8.1 Detection of defects with the Voronoi method 
The AFM images were analyzed with ImageJ to identify the center of each P4VP 
dot. This created a matrix of locations (Mat) used for Matlab (v.7.1) image analysis. We 
used the following program to quantify the number of pair defects and also to create a 
replica of the AFM image with colored defects: 
x=Mat(:,1); 
y=Mat(:,2); 
[V,C]=voronoin(Mat); 
voronoi(x,y); 
set(gca,'YDir','reverse'); 
axis square; 
axis tight; 
set(gca,'YTick',[]); 
set(gca,'XTick',[]); 
k=0; 
j=0; 
 for i=1:length(C) 
  if ((15<x(i)) & (x(i)<495)) 
   if ((15<y(i)) & (y(i)<495)) 
    if all(C{i}~=1) 
     if length(C{i})==5 
     patch(V(C{i},1),V(C{i},2),'b');k=k+1; 
     elseif length(C{i})>=7 
     patch(V(C{i},1),V(C{i},2),'r');j=j+1; 
     end 
    end 
   end 
  end 
 end 
l=(k+j)/2; 
disp(['The number of pair defect is ', num2str(l), '.']) 
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6.8.2 Figures 
 
 
Figure 6.SI-1. AFM topographical image (3x3 µm²) of the transition area of T1-T2 for 
PS-P4VP/NOH thin film dip-coated at 2 mm/min (41.5k-17.5k) and annealed in THF 
vapor for 990 min. 
 
 
Figure 6.SI-2. SEM images of (a) non-crosslinked and (b) crosslinked solvent-
annealed PS-P4VP/NOH films dip-coated at 2 mm/min and exposed to a AuNP 
solution for 5 min. 
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Chapitre 7 
Conclusions 
 
Les travaux présentés dans cette thèse nous ont permis d’acquérir une 
compréhension beaucoup plus complète et, ainsi, un meilleur contrôle des facteurs 
influençant les caractéristiques et la morphologie de films minces de copolymères à blocs, 
particulièrement supramoléculaires, préparés par le procédé de « dip-coating ». La présente 
conclusion propose, dans un premier temps, de mettre en relation les résultats présentés 
dans les différents chapitres afin d’avoir un aperçu plus global des travaux effectués. Dans 
un deuxième temps, les possibles développements du projet seront explorés afin d’identifier 
les points à approfondir et les potentielles applications des films supramoléculaires. 
 
7.1 Discussion générale 
7.1.1 « Dip-coating » 
Le procédé de « dip-coating » s’est révélé très efficace pour la préparation de films 
minces. Toutefois, il était important de comprendre comment les paramètres de cette 
technique pouvaient influencer les caractéristiques des films, afin de mieux comprendre les 
évolutions de morphologie d’un système à l’autre. La vitesse de retrait est la principale 
variable du procédé de « dip-coating » et, comme discuté aux chapitres 2 et 3, affecte 
grandement le film. L’évolution de l’épaisseur, qui diminue avec la vitesse de retrait aux 
faibles vitesses pour ensuite augmenter aux vitesses élevées, résulte en une courbe en V. 
Les modèles développés récemment par l’équipe de Grosso1,2 pour décrire l’évolution de 
l’épaisseur de films sol-gel réalisés par « dip-coating » nous ont permis de corréler 
l’épaisseur du film à la vitesse de retrait et d’identifier deux régimes. Aux faibles vitesses 
de retrait, l’évaporation du solvant et la montée de la solution par capillarité sur le substrat 
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déterminent l’épaisseur du film. Plus le substrat est retiré lentement, plus le solvant a le 
temps de s’évaporer et de nourrir le film par capillarité. L’épaisseur diminue avec la vitesse 
de retrait jusqu’à atteindre un minimum où le régime de drainage prend le dessus. À ce 
moment-là, la vitesse de retrait est telle que la solution est emportée par le substrat. La 
viscosité et l’adhésion de la solution sur le substrat deviennent les paramètres dominants 
par rapport à l’évaporation du solvant et l’épaisseur du film augmente avec la vitesse de 
retrait. Contrôler l’épaisseur des films minces de polymère est primordial pour le 
développement des nanotechnologies et l’influence de la vitesse de retrait doit clairement 
être identifiée pour des applications industrielles, le « dip-coating » étant la technique de 
revêtement la plus adaptée à des procédés continus à plus grande échelle. Nous avons été 
les premiers à identifier ces deux régimes dans le cas de films minces de copolymères à 
blocs. En effet, Laforgue3 et Gaspard4 ont tous les deux travaillé dans le régime de 
capillarité tandis que Stamm5-13 et Krausch14-16 ont exploré le régime de drainage, sans 
toutefois les nommer ni les reconnaître. Nos travaux ont permis d’unifier leurs résultats et 
d’obtenir une vue d’ensemble de l’effet de la vitesse de retrait de « dip-coating ». 
La vitesse de retrait peut aussi affecter la composition du film, notamment dans le 
cas de films supramoléculaires. En effet, en étudiant l’influence de petites molécules (PM), 
le naphtol (NOH) et l’acide naphtoïque (NCOOH), sur la morphologie de films de 
poly(styrène-b-4-vinyl pyridine), nous nous sommes aperçus que la quantité de PM dans le 
film était différente de celle de la solution et variait avec la vitesse de retrait (chapitres 2 et 
3). La spectroscopie infrarouge en mode ATR (« attenuated total reflection », réflexion 
totale atténuée) s’est révélée très efficace pour déterminer quantitativement la composition 
des films minces ayant une épaisseur aussi petite que 10 nm. 
Il faut noter toutefois que l’effet de la vitesse de retrait dépend grandement du 
solvant employé. La complexation entre la petite molécule et le P4VP étant perturbée par 
les molécules de THF, on observe avec ce solvant une évolution de la composition du film 
avec la vitesse de retrait. Dans le régime de capillarité (aux faibles vitesses), la composition 
du film augmente avec la vitesse jusqu’à atteindre un plateau correspondant à la 
composition de la solution dans le régime de drainage. Nous avons remarqué que cette 
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évolution ne dépend pas de la nature de la petite molécule ni de la concentration du 
polymère en solution. 
À l’inverse, la vitesse de retrait a beaucoup moins d’impact sur la composition du 
film lorsque le chloroforme est employé pour le « dip-coating ». En effet, contrairement au 
THF, le chloroforme est moins susceptible de briser les interactions entre la petite molécule 
et le P4VP. La composition du film est donc constante avec la vitesse de retrait dans le 
régime de capillarité. Cependant, une différence de composition est observée entre les films 
réalisés en présence de NCOOH et en présence de NOH. La force de la liaison hydrogène 
entre les petites molécules et le P4VP permet d’expliquer que les films réalisés avec le 
NCOOH sont plus riches en PM que ceux réalisés avec le NOH, ce qui reflète 
probablement la situation dans la solution. 
 
7.1.2 Effet de la complexation 
Un des objectifs majeurs de cette thèse était de comprendre l’effet de la 
complexation sur la morphologie des films minces réalisés par « dip-coating ». En effet, 
dans des travaux précédents, il avait été montré que la présence de petites molécules 
capables de se complexer avec l’un des blocs du copolymère PS-P4VP permettait de 
modifier la morphologie des films minces, en modifiant la fraction volumique 
apparente.5,10,13 Cependant, des résultats différents étaient obtenus selon la petite molécule 
utilisée. Dans des conditions expérimentales identiques, pour une morphologie de nodules 
observée pour un film de PS-P4VP/NOH, une morphologie de stries était observée pour un 
film de PS-P4VP/NCOOH.4 La première étape de notre travail a été de vérifier si cette 
différence avait pour origine une quantité différente de PM dans les films. Or, pour une 
même vitesse de retrait, l’ATR a indiqué des ratios polymère/PM équivalents pour les deux 
molécules. Nous nous sommes donc orientés vers une seconde explication, à savoir que la 
morphologie des films minces était influencée par la liaison hydrogène existant entre le 
NOH ou le NCOOH et le groupement pyridine du P4VP, et plus précisément sa force. 
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La caractérisation des micelles en solution par diffusion de la lumière a montré que 
celles-ci n’étaient pas modifiées par la présence des PM, que ce soit au niveau de la taille 
ou de la forme (chapitre 2). Le tétrahydrofurane est connu pour briser les liaisons 
hydrogène : sa présence en grande quantité en solution interfère avec la petite molécule et 
empêche les interactions entre le P4VP et le NOH ou le NCOOH.17 On peut donc penser 
que, pour cette raison, la complexation ne se produit pas en solution. Il appert néanmoins 
que la complexation se produit bien une fois le film formé, ceci étant observé grâce à 
l’étude par spectroscopie infrarouge et le déplacement hypsochrome de plusieurs bandes de 
vibration du copolymère. Par conséquent, même si le THF brise les interactions PM-P4VP, 
son évaporation, lors du retrait du substrat, mène cependant à la migration de la petite 
molécule dans la phase P4VP. Le gonflement des nodules peut nous donner une indication 
sur la répartition de la petite molécule au sein même du film de copolymère à blocs.10 Il a 
été observé que la distance centre à centre des nodules de P4VP est supérieure pour les 
films en présence de NCOOH comparativement aux films avec du NOH, semblant indiquer 
un plus grand gonflement de la phase P4VP par le NCOOH que par le NOH (chapitre 2). 
Le naphtol possède une fonction alcool tandis que l’acide naphtoïque possède une fonction 
acide carboxylique. Il est connu que la liaison hydrogène formée par un acide est plus forte 
que celle formée par un alcool après évaporation du THF.18 Des études de calorimétrie 
différentielle à balayage des mélanges d’homopolymères avec les deux petites molécules 
ont permis de révéler qu’il y a une certaine miscibilité (quoique très limitée) des petites 
molécules dans le PS et que la miscibilité du NOH dans le PS est supérieure à celle du 
NCOOH, la miscibilité des deux petites molécules étant équivalente dans le P4VP. Tout 
ceci laisse penser que, dans les films « dip-coatés », la petite molécule ne se situe pas 
exclusivement dans la phase P4VP et qu’il existe une certaine miscibilité, même faible, 
avec la phase PS, particulièrement dans le cas du NOH. Dans le film, il y autant de NOH 
que de NCOOH globalement, mais le NCOOH « gonfle » préférentiellement le bloc P4VP, 
augmentant de façon plus importante la fraction volumique apparente du P4VP, alors que le 
NOH modifie de façon moindre le ratio volumique des blocs. 
L’effet de la complexation avec les petites molécules sur la morphologie est résumé 
à la Figure 7.1a. Seule la partie riche en PS du diagramme de phases du système PS-P4VP 
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est présentée car elle correspond aux copolymères à blocs que nous avons employés dans 
nos travaux. En effet, dans la majorité des travaux présentés, le copolymère utilisé possède 
un pourcentage massique en P4VP aux alentours de 30%. Si l’on considère que la densité 
du PS et du P4VP sont équivalentes,19 cela le place dans la phase cylindrique et proche de 
la phase lamellaire. Mais, en utilisant un solvant sélectif (THF) lors de la réalisation des 
films minces qui gonfle plus la phase PS que la phase P4VP et quand le film n’est pas 
encore totalement sec, on change la fraction volumique du bloc PS: on se retrouve alors 
dans la phase sphérique (soit la morphologie nodulaire).20 L’ajout de la petite molécule 
NOH ou NCOOH permet de se déplacer sur ce diagramme dans la direction opposée. En 
effet, le gonflement plus ou moins sélectif de la phase P4VP et l’évolution de la 
composition du film en fonction de la vitesse de retrait permet de se déplacer latéralement 
vers la droite passant d’une morphologie sphérique à cylindrique pour le NOH ou d’une 
morphologie sphérique, puis cylindrique et enfin lamellaire pour le NCOOH. 
Afin de voir l’impact d’un solvant non sélectif sur la morphologie des films, le 
chloroforme a aussi été utilisé pendant le « dip-coating ». Dans ce cas, le PS et le P4VP 
gonflent de manière équivalente et l’effet du solvant sur la morphologie thermodynamique 
du copolymère est minime. Un mélange de cylindres et de lamelles est alors observé. 
L’ajout de la petite molécule permet de se déplacer de nouveau vers la droite sur le 
diagramme de phases, mais, avec le chloroforme, la vitesse de retrait ne permet pas de 
moduler aussi grandement qu’avec le THF car la quantité de petite molécule retirée avec le 
substrat reste constante à mesure que la vitesse évolue. Avec le NCOOH, des lamelles 
horizontales sont observées, alors qu’avec le NOH, c’est un mélange de stries (cylindres 
horizontaux ou lamelles verticales) et de lamelles horizontales qui est remarqué, car il y a 
moins de NOH que de NCOOH dans le film (pour une même quantité en solution). 
 
7.1.3 Recuits en vapeurs de solvant 
Les recuits en vapeurs de solvant des films minces sont très souvent utilisés pour 
l’amélioration de l’ordre à longue distance. Les molécules de solvant, qui gonflent le 
polymère, jouent le rôle de plastifiant et augmentent la mobilité des chaînes. Ainsi, le recuit 
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Figure 7.1. Diagrammes de phases théoriques simplifiés du PS-P4VP avec les 
trajectoires dues (a) à l’ajout de la petite molécule lors du « dip-coating » ou (b) à 
l’utilisation du solvant pendant le recuit en vapeurs de solvant. Les déplacements ainsi 
que les positions sur le diagramme ne reflètent en rien les valeurs de χ et ne servent 
qu’à résumer les changements de morphologie observés. Légende : S = sphères, C = 
cylindres et L = lamelles. 
 
à l’aide de vapeurs de THF permet le réarrangement des nodules de P4VP dans la matrice 
de PS (morphologie sphérique) pour finalement obtenir un meilleur ordre à longue distance. 
Cependant, le gonflement du film mince par les molécules de solvant s’accompagne d’un 
phénomène de terrassement et seule la première couche (baptisée T1) composée d’une 
épaisseur de sphères de P4VP présente un ordre hexagonal presque parfait après recuit. Les 
terrasses ayant une épaisseur supérieure ne présentent pas d’ordre à longue distance du fait 
de la présence des couches inférieures. Un suivi cinétique nous a permis de voir clairement 
qu’un temps de recuit plus long diminue le nombre de défauts au sein de l’ordre, jusqu’à 
atteindre un ordre quasiment parfait sur de grandes surfaces. 
Nous avons remarqué que l’épaisseur initiale du film, dictée par la vitesse de retrait 
lors du « dip-coating », permet de moduler la proportion finale de terrasses sur le film après 
recuit. Il est donc possible d’optimiser la préparation du film afin d’avoir un maximum de 
L
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la surface en forme de T1 présentant un ordre hexagonal. Par exemple, un film ayant une 
épaisseur de 11-13 nm d’épaisseur avant recuit présente, après recuit, une surface ayant 
plus de 95 % de T1. Pour des films plus épais réalisés à de plus faibles vitesses dans le 
régime de capillarité, l’épaisseur initiale est telle que la terrasse T1 n’existe pas et aucun 
ordre à longue distance n’est visible à la surface. 
Le choix du solvant pour le recuit a aussi son importance. En effet, l’impact sur la 
morphologie diffère selon la sélectivité du solvant comme illustré par la Figure 7.1b. Les 
flèches sur ce diagramme présentent les trajectoires en présence de vapeurs de solvant de 
THF et de chloroforme. Il est connu que la sélectivité du solvant vis-à-vis des deux blocs 
constituant le copolymère pendant le recuit peut changer la morphologie, à cause de la 
différence de taux de gonflement.21 Ainsi, avec le THF comme solvant de recuit, le P4VP 
est beaucoup moins gonflé que le PS et la fraction volumique apparente de la phase PS 
augmente. Sur le diagramme de phases, cela se traduit par un déplacement vers la gauche. 
Ceci a été mis à profit pour transformer une morphologie cylindrique d’un film de PS-
P4VP/NCOOH en une morphologie sphérique. À l’inverse du THF, le chloroforme permet 
de retrouver une morphologie proche de celle d’équilibre en masse à cause de sa neutralité 
vis-à-vis des deux blocs, même si les petites molécules peuvent atténuer cet effet, dans une 
certaine mesure. Ainsi, la morphologie sphérique d’un film de PS-P4VP/NOH peut être 
transformée en une morphologie cylindrique à la suite du gonflement des deux phases par 
les vapeurs de chloroforme. 
 
7.1.5 Films minces comme gabarits 
L’arrangement hexagonal développé par les films minces de copolymères de cette 
étude s’avère être un gabarit idéal pour organiser des particules d’or. En effet, le bloc de 
P4VP possède des affinités avec certains métaux, comme l’or, grâce, notamment, à ses 
propriétés de ligand. La réticulation du film mince à l’aide de rayons UV avant l’exposition 
à une solution de nanoparticules d’or est nécessaire afin d’éviter le mouvement des chaînes 
de P4VP. Il semble, en effet, que le P4VP soit plus ou moins gonflé par la solution aqueuse, 
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ce qui provoque une reconstruction de la surface, comme il a déjà été observé pour un 
solvant sélectif (méthanol) au P4VP.3 
L’utilisation des copolymères à blocs est particulièrement intéressante grâce à la 
possibilité de moduler plusieurs paramètres du film de nanoparticules d’or. Ainsi, modifier 
la masse molaire des blocs du copolymère permet de changer les caractéristiques du gabarit 
et, donc, de l’organisation des nanoparticules. La distance entre sites d’absorption, c’est-à-
dire les nodules de P4VP, peut être augmentée en sélectionnant une masse molaire plus 
grande du bloc PS (chapitre 6). De façon similaire, la dimension des nodules de P4VP peut 
être ajustée par le choix de la masse molaire du bloc P4VP pour permettre l’absorption 
d’une ou plusieurs nanoparticules en fonction de leur diamètre. Le copolymère PS-P4VP 
avec la masse molaire 41.5k-17.5k s’est révélé parfaitement adapté au diamètre des 
nanoparticules de sorte qu’une seule nanoparticule de diamètre 15 nm se fixe sur un site de 
P4VP. Ces échantillons pourraient trouver une application, entre autres, dans le 
développement de biocapteurs. 
En résumé, cette thèse a permis de démontrer l’intérêt de l’utilisation du « dip-
coating » pour la fabrication de films minces de copolymères supramoléculaires. Nous 
avons montré que la vitesse de retrait joue un rôle important sur l’épaisseur du film et sa 
morphologie, ainsi que la composition du film dans les systèmes supramoléculaires. Nous 
avons mieux cerné comment la présence de la petite molécule et le choix du solvant 
affectaient la morphologie du film. Les recuits en vapeurs de solvant se sont révélés un 
outil supplémentaire permettant de modifier la morphologie une fois le film préparé. Enfin, 
ces films ont pu être utilisés comme gabarits pour l’adsorption contrôlée de nanoparticules 
d’or. 
 
7.2 Perspectives 
De nombreux paramètres ont été étudiés pour comprendre l’évolution de la 
morphologie de films minces de copolymères supramoléculaires. Cependant, des 
caractérisations complémentaires seraient souhaitables pour approfondir les travaux 
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présentés dans cette thèse et la compréhension du système étudié. Le projet pourrait aussi 
être élargi à d’autres systèmes (substrat, polymère, petite molécule, solvant…) afin 
d’acquérir une vision plus large des films de copolymères à blocs préparés par « dip-
coating ». 
 
7.2.1 Caractérisations complémentaires 
Dans le régime de drainage, lorsque réalisés en présence de NOH, on a supposé (sur 
la base de certains travaux du groupe de Stamm5,6) les films de PS-P4VP présentent une 
morphologie cylindrique avec les cylindres de P4VP orientés de manière verticale. Il serait 
bien de confirmer ces observations par des études par microscopie électronique à 
transmission (TEM) des sections de ces films. Si cette morphologie est confirmée, 
l’épaisseur du film pourrait être augmentée à volonté afin d’augmenter la hauteur des 
cylindres, ce qui pourrait s’avérer très utile pour certaines applications comme la 
fabrication de nanofils métalliques.22 Concernant les films réalisés en présence de NCOOH, 
le régime de drainage fait apparaître une morphologie lamellaire avec les lamelles orientées 
de manière horizontale. Puisqu’il est difficile de confirmer cette morphologie par AFM, la 
surface du film étant lisse, le même type d’expérience par TEM pourrait permettre de 
visualiser cette morphologie. 
Une étude complémentaire par diffusion des rayons X aux petits angles en incidence 
rasante (GISAXS, « Grazing-Incidence Small Angle X-ray Scattering ») permettrait de 
compléter les observations par microscopie électronique. On pourrait aussi l’utiliser pour 
déterminer les distances périodiques des domaines. Un rinçage au méthanol permet de créer 
des pores et il est avéré que ceci augmenterait le contraste.13,23 Mais, le GISAXS peut aussi 
être utilisé in situ lors de recuits en vapeurs de solvant.24,25 Cette technique permettrait de 
comprendre l’évolution de la morphologie et de savoir comment le basculement de la 
morphologie se produit. Par exemple, on peut se demander si le processus inclut une fission 
des cylindres horizontaux en sphères lors de recuits en vapeurs de THF et si, inversement, 
les sphères de P4VP fusionnent en cylindres horizontaux en vapeurs de chloroforme.26 
Comme cette technique nécessite toujours une interprétation des résultats obtenus, il est 
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toujours préférable de les confirmer par une technique d’observation directe. Afin de 
pouvoir suivre l’évolution de la morphologie, il faudrait développer un système de 
circulation de vapeurs de solvant afin de balayer la surface de l’échantillon pendant le 
recuit sans endommager les composantes du microscope AFM. 
 
7.2.2 Autres paramètres 
La masse molaire du copolymère et, plus particulièrement, le ratio entre le PS et le 
P4VP, est un autre paramètre que l’on pourrait modifier pour varier un peu plus la palette 
des morphologies observées. Le copolymère utilisé possède un ratio 
molaire/massique/volumique proche de 30% en P4VP. Ce ratio le place dans la 
morphologie cylindrique, proche de la frontière avec la morphologie lamellaire (cylindre de 
P4VP dans une matrice de PS). On pourrait se demander quel serait l’influence de choisir 
un copolymère possédant un pourcentage volumique de P4VP différent et, même, se poser 
la question si un inversement de morphologie est possible (cylindres de PS dans une 
matrice de P4VP), comme observé dans d’autres études impliquant le PDP.19,27,28 
Le chapitre 5 de cette thèse présente une étude préliminaire de l’utilisation d’un bon 
solvant des blocs, à savoir le chloroforme. Afin de compléter cette étude, il faudrait étendre 
la gamme de vitesses de retrait dans le régime de drainage afin de connaître l’évolution de 
la composition et de l’épaisseur du film. Le chloroforme possédant une pression de vapeur 
saturante équivalente au THF, l’allure de la courbe présentant l’évolution de l’épaisseur 
devrait être semblable. Il reste à savoir si la composition du film est perturbée par la vitesse 
de retrait. Afin de mieux comprendre l’effet du solvant sur l’évolution de la composition du 
film, il faudrait compléter cette étude en choisissant d’autres solvants. Une étude récente a 
permis de mettre de l’avant l’effet de la présence d’un atome d’oxygène dans la molécule 
de solvant sur la complexation entre la petite molécule et le bloc P4VP.17 Nous avons 
majoritairement utilisé le THF comme solvant pour le « dip-coating », qui est un solvant 
sélectif perturbant les interactions hydrogène en solution entre le P4VP et la petite 
molécule. Il serait intéressant de voir si la morphologie des films minces supramoléculaires 
serait modifiée en choisissant un solvant non-sélectif et possédant un atome d’oxygène. 
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Durant cette étude, des substrats de silicium ont été utilisés. Il a été démontré que le 
confinement peut contraindre la morphologie à adopter la géométrie à la surface d’un 
substrat.29,30 Des cylindres horizontaux ou des lamelles perpendiculaires peuvent être 
alignés parallèlement aux parois des tranchées fabriquées par lithographie.31,32 Un recuit en 
température ou en vapeurs de solvant est néanmoins nécessaire afin de réarranger la 
morphologie. On pourrait tirer profit du procédé de « dip-coating » en utilisant de tels 
substrats. En effet, la vitesse de retrait peut être suffisamment lente pour qu’un recuit se 
fasse en même temps que la fabrication du film. La géométrie du substrat pourrait 
contraindre la morphologie à s’organiser et un meilleur ordre pourrait être obtenu pendant 
le retrait du substrat sans qu’un recuit supplémentaire ne soit nécessaire. 
Dans un autre ordre d’idée, nous avons remarqué que l’ajout de la petite molécule 
permettait de se déplacer vers la droite du diagramme de phases, ce qui correspond à un 
gonflement de la phase P4VP, à cause de la liaison hydrogène qui favorise la migration de 
la petite molécule dans la phase P4VP. Cependant, l’acide formique peut jouer un tout autre 
rôle. Yao et al. ont découvert qu’à cause des liaisons hydrogène, cette petite molécule 
modifie la solubilité du P4VP en solution. Le PS-P4VP est soluble dans le chloroforme 
mais l’ajout de l’acide formique, modifiant la solubilité du P4VP, rend la solution 
micellaire.33 Il serait intéressant de compléter les études en solution de Yao par des études 
en films minces. Un déplacement vers la gauche sur le diagramme de phases, à mesure où 
l’on augmente la quantité d’acide formique, est à prévoir, associé à un changement de 
morphologie de lamellaire à cylindrique puis sphérique. Par la même occasion, l’influence 
du NOH et du NCOOH sur la solubilité du P4VP dans le chloroforme pourrait être étudié 
par diffusion de lumière statique et dynamique. 
Dans cette étude, le naphtol et l’acide naphtoïque sont les petites molécules qui ont 
été utilisées. À cause du gonflement du P4VP et du changement des fractions volumiques 
associé, le changement de morphologie provoqué par la petite molécule permet d’obtenir 
une morphologie cylindrique horizontale utile pour la nanofabrication. Cependant, 
l’orientation microscopique de ces cylindres à longue distance est très faible et des recuits 
en vapeurs de solvant combinés à la lithographie ou la modification de surface sont 
nécessaires afin d’améliorer cet ordre. En utilisant une petite molécule optiquement active 
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sous lumière polarisée, on aurait la possibilité de contrôler l’orientation de la morphologie 
du copolymère grâce aux liaisons hydrogène. La Figure 7.2 présente des petites molécules 
susceptibles d’être utilisées pour de telles expériences. Yu et al. ont synthétisé un 
copolymère à blocs contenant une unité de répétition type azobenzène permettant d’être 
alignée sous un rayonnement polarisé.34 La synthèse d’un tel copolymère peut s’avérer 
longue et compliquée. L’intérêt d’utiliser le PS-P4VP est de mettre à profit les liaisons 
hydrogène pour s’affranchir des étapes de synthèse en utilisant une petite molécule 
disponible commercialement. Des études préliminaires avec l’acide 4-
phényl(azobenzoïque) ou le 4-phénylazobenzènol ont permis de révéler la morphologie 
cylindrique horizontale, soit directement après « dip-coating », soit après recuit en vapeurs 
de chloroforme (Figure 7.2). La petite molécule se situant dans la phase P4VP, on peut 
imaginer un système optique inspiré de la référence 33 impliquant un laser polarisé afin de 
contrôler l’organisation des cylindres de P4VP pendant le recuit ou, même, pendant le 
« dip-coating ». Cette dernière technique pourrait s’avérer très intéressante pour des 
applications industrielles à grande échelle, notamment pour des procédés en continu. 
 
 
Figure 7.2. Formules chimiques des molécules acide 4-phényl(azobenzoïque) (gauche) 
et 4-phénylazobenzènol (droite) pour le contrôle de l’orientation de la morphologie du 
film de copolymère sous rayonnement polarisé. 
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